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ABSTRACT | This tutorial presents an overview of the

technological advances in millimeter-wave (mm-wave) circuit

components, antennas, and propagation that will soon allow

60-GHz transceivers to provide multigigabit per second (multi-

Gb/s) wireless communication data transfers in the consumer

marketplace. Our goal is to help engineers understand the

convergence of communications, circuits, and antennas, as the

emerging world of subterahertz and terahertz wireless com-

munications will require understanding at the intersections of

these areas. This paper covers trends and recent accomplish-

ments in a wide range of circuits and systems topics that must

be understood to create massively broadband wireless com-

munication systems of the future. In this paper, we present

some evolving applications of massively broadband wireless

communications, and use tables and graphs to show research

progress from the literature on various radio system compo-

nents, including on-chip and in-package antennas, radio-

frequency (RF) power amplifiers (PAs), low-noise amplifiers

(LNAs), voltage-controlled oscillators (VCOs), mixers, and

analog-to-digital converters (ADCs). We focus primarily on

silicon-based technologies, as these provide the best means

of implementing very low-cost, highly integrated 60-GHz

mm-wave circuits. In addition, the paper illuminates character-

ization techniques that are required to competently design and

fabricate mm-wave devices in silicon, and illustrates effects of

the 60-GHz RF propagation channel for both in-building and

outdoor use. The paper concludes with an overview of the

standardization and commercialization efforts for 60-GHz

multi-Gb/s devices, and presents a novel way to compare the

data rate versus power efficiency for future broadband devices.
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I . INTRODUCTION

Millimeter-wave (mm-wave) technology for the 60-GHz

band is one of the most exciting opportunities for circuit,

antenna, and communication system engineers over the

next decade. 60 GHz is, in fact, the beginning of a trend of

escalating carrier frequencies that will deliver unprece-
dented data rates, several tens of gigabits per second,

allowing uncompressed high-definition media transfers,

sensing and radar applications, and virtually instanta-

neous access to massive libraries of information. Con-

sumer demand for these applications will result in millions

of 60-GHz communication devices produced and sold by

2015 [1].
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Technological innovation is often spurred by federal
authorities, such as the Federal Communications Commis-

sion (FCC), through the allocation of new radio spectrum

bands that offer the promise of greater bandwidths and

revolutionary products and applications. Indeed, today’s

global use of Wi-Fi and wireless local area networks

(WLANs) was initially spurred by the FCC’s 1985 alloca-

tion of the industrial, scientific, and medical (ISM) band,

which permitted unlicensed spread-spectrum use of fre-
quencies in the 900-MHz, 2.4-GHz, and 5.7-GHz bands

[2]. At that time, communication devices at the 1–5-GHz

carrier frequency bands were very expensive, and the

market languished until two events happened concur-

rently: 1) semiconductor processes allowed high-speed,

low-power wireless components to be made inexpensively

and in large scale, and, 2) national spectrum regulators

throughout the world agreed on common spectrum bands
for global product adoption, creating a worldwide market.

While memory sizes and computer clock speeds have in-

creased by orders of magnitude over the past two decades

since the FCC ISM ruling, wireless communication carrier

frequencies have been bound between 800 MHz and

5.8 GHz. Today, we are at the dawn of a new age of mas-

sively broadband devices that operate at carrier frequen-

cies of 60 GHz and above, and which handle multigigabits
per second (multi-Gb/s) of data. Regulatory agencies have

envisioned this opportunity for over a decade [3], [4].1 As

we describe subsequently, semiconductor technology

appears ready to enable subterahertz wireless communica-

tions on a global scale. Just as cellular and Wi-Fi commu-

nications in the 1–5-GHz spectrum proliferated in the

2000s, today’s trends indicate that wireless will soon enjoy

an explosion in carrier frequencies and bandwidths, with
revolutionary markets and applications for massively

broadband devices.

Shrinking transistor gate lengths that have enabled

massive digital integration will soon make sub- and low-

terahertz operation inexpensive for consumer applications,

and widespread governmental agreement on spectrum

allocation is likely in many bands given the properties of

atmospheric absorption of electromagnetic waves, and the
huge demand for bandwidth to portable end-user devices.

There is already widespread agreement by federal agencies

across the world on 60-GHz spectrum allocation, as several

national regulatory agencies have agreed to use unlicensed

spectrum at 60 GHz for wireless personal area networks

(WPANs) [5], [6]. This trend is likely to continue to even

greater carrier frequencies and bandwidths. When one

considers the huge end-user data rates (e.g., 10–50 Mb/s)
promised by nascent fourth generation (4G) cellular base

station technology for a single mobile user, and the rapid

adoption of smartphones and Internet-ready mobile de-
vices, it becomes clear why wireless carriers are eyeing

subterahertz spectrum for rapidly deployable backhaul

radios and base stations, which would facilitate more

mobile bandwidth. International agreement on the 60-GHz

band is the first of what is to be an exponential increase in

carrier frequencies and bandwidths for wireless devices, as

federal agencies across the world contemplate the alloca-

tion of more spectrum bands at frequencies above 100 GHz.
At such high carrier frequencies, the bandwidths become

enormous, up to tens of gigahertz, allowing massive data

rates between portable devices, telecommunication infra-

structure equipment, and the cloud.

Government agreement on spectrum allocation, along

with early market success of portable reading and data

access devices such as the Amazon Kindle and Apple iPad,

portend a future where today’s books and paper media,
along with computer hard drives and magnetic media are

replaced by the cloud or other large data repositories, and

are wirelessly accessed by silicon-based electronic devices

that are extremely inexpensive to fabricate. Fig. 1 illustrates

a future office in the next decade, where massively broad-

band wireless connectivity replaces and transforms tradi-

tional paper media and magnetic data storage devices. The

technical, business, and research implications of these
trends toward 1) replacing paper and magnetic media and

2) ubiquitous wireless access to cloud-based data are enor-

mous and pervasive. For example, today’s wired Internet

port will likely become a tetherless wireless-to-fiber con-

nection. Book and content publishers may become web

providers and purchasers of silicon chips or low-cost radio-

frequency (RF) tags that contain various media content.

Future researchers will have to develop entirely new strat-
egies for circuit implementation, channel coding, data

compression, interference mitigation, antenna beamform-

ing, network addressing, and spectral usage to take advan-

tage of massive available bandwidths, lower power

requirements of devices, and the ever-present Internet.

Recent inventions such as wirelessly enabled flash memory

devices [7] and ultrawideband relays [201] are aimed at this

future. Similarly, low-cost backhaul radio devices and
massively broadband wireless relays may replace telephone

poles and conventional repeaters in the telephone plant of

the future. Internet data centers owned by large companies

such as Google andMicrosoft consume megawatts of power

to cool and power entire warehouses of server computers

[199]. The carbon footprint and power consumption of

these data centers will be reduced as low-power wireless

chip-to-chip communications replace cables, and permit
novel cooling architectures and new flexibility in equip-

ment configuration [200].

The atmospheric absorption properties of subterahertz

radio spectrum offer opportunities for both long- and

short-range multi-Gb/s wireless communications [8]. As

shown in Fig. 2 (adapted from [4] and [8]), oxygen ab-

sorption allows stealth-like high-attenuation, short-range

1The authors acknowledge Michael Marcus for providing these
references. Dr. Marcus worked for the FCC from 1988 to 1995 and
proposed and directed deliberations for the ISM and 60-GHz unlicensed
band policy.
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communications at 183, 325, and 380 GHz, making these

ideal spectrum bands for densely packed electronic media

that will characterize the future wireless office shown in

Fig. 1. The dramatic attenuation at these frequency bands
allows Bwhisper radio[ communications, where weak

signals do not propagate more than a few meters before

dropping below the thermal noise level. For communica-

tion across tens or hundreds of meters, atmospheric ab-

sorption, including rain and fog, can be the dominant

physical factor for determining the correct cell size for
wireless communications, with peaks in atmospheric ab-

sorption indicating those bands best used for dense, or

Bwhisper[ deployments of highest spectral frequency re-

use, and low-attenuation bands being best suited for longer

distance backhaul or cellular radio applications. In the fu-

ture, Federal regulatory agencies around the world, having

agreed upon 60 GHz as an international WPAN band, will

likely approve bandwidths in excess of 10 GHz for several
subterahertz bands and enable massively broadband

WPAN communications and other scientific and medical

applications, such as imaging. At lower attenuation bands

of 77 and 240 GHz, cellular, backhaul, fiber-replacement,

sensing, and vehicular radar will be viable. In addition to

atmospheric and free-space attenuation, it is important to

understand how wireless signals penetrate materials at

these frequencies, and how the physical environment will
affect propagation indoors and outdoors. We discuss RF

propagation considerations in Section X.

This tutorial provides a comprehensive overview of

system and circuits aspects vital to the development of

mm-wave communication systems. We highlight key chal-

lenges that research and industrial communities are over-

coming to create 60-GHz and future subterahertz wireless

devices enabled by wireless spectrum policies and semi-
conductor technologies. Summaries of recent develop-

ments in 60-GHz mm-wave circuit design are provided to

allow new researchers or communications and circuits

practitioners to quickly assess the state of the art, and to

find key works from which they can further their under-

standing. Section II provides an overview of the level of

integration achieved for 60-GHz transmitters and

Fig. 2. (Modification of figure in [4] and [8].) The properties of

atmospheric absorption of electromagnetic waves have resulted in

widespread multigovernment agreement on spectrum allocation for

short-range applications in the 60-GHz band. Agreement on allocation

for short-range communications in the 120-, 183-, 325-, and 380-GHz

bands (blue circles) is very likely. In coming years, the 77- and 240-GHz

bands are likely candidates for widespread ISM allocations for longer

range applications. When combined with highly directional antennas,

attenuation for off-boresight links will be extreme at 380 GHz.

See www.mmWconcepts.com for useful attenuation factors caused

by rain, dust, and fog at mm-wave frequencies.

Fig. 1. Government allocation of high carrier frequencies and large bandwidths, along with advances in semiconductor technology,

will create a future of portable and inexpensive mm-wave wireless devices that access the cloud and other large data repositories.
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receivers. Section III discusses on-chip and in-package
antennas for 60-GHz and other frequency bands, including

77-GHz vehicular radar, and also considers outdoor point-

to-point antenna requirements. Sections IV–VII address

circuit implementations and challenges of power amplifier

(PA), low-noise amplifier (LNA), voltage-controlled oscil-

lator (VCO), and mixer designs for 60-GHz communica-

tion systems. Section VIII discusses transmission lines and

material parameter extraction as vital to the proper design
and fabrication of mm-wave radio-frequency integrated cir-

cuits (RFICs). Section IX discusses high-speed analog-to-

digital converters (ADCs) for 60-GHz systems. Section X

describes the 60-GHz wireless channel. Section XI intro-

duces various standards that are being developed for 60-GHz

applications, including IEEE 802.15.3c, IEEE 802.11ad and

the WiGig standard, WirelessHD, and ECMA 387. Conclu-

sions are drawn in Section XII.

II . HIGHLY INTEGRATED TRANSMITTERS
AND RECEIVERS FOR 60 GHz

The mm-scale wavelength of 60 GHz (5 mm in free space,

and smaller on semiconductors and substrates having per-

mittivity greater than 1.0) allows unprecedented levels of

integration of analog and microwave components such as
transmission lines and disparate monolithic microwave

integrated circuits (MMICs) onto a single chip or package.

Several companies, including SiBEAM [9], LG, and Sony

[10], have products under development that exhibit unpre-

cedented analog integration. SiBEAM’s products, which

incorporate dozens of off-chip patch antennas and beam

formers are complete systems-in-package [11] (including

mixers, LNAs, PAs, and IF amplifiers). IBM recently de-
veloped prototypes of its 60-GHz superheterodyne trans-

mitter and receiver codeveloped with MediaTek that

include a 16-element antenna, phase shifters, and RF

components on a single 6.08 mm � 6.2 mm chip for the

receiver and 42 mm2 for the transmitter [12]–[14].

The emergence of low-cost mm-wave devices has

evolved through widespread research efforts throughout

the world that began as early as the 1990s. In 1996,
Niomiya et al. [15] utilized an InGaP/AlGaAs/GaAs high-

electron mobility transistor (HEMT) process to create

15-GHz phase-locked loop (PLL), LNA, and mixer image

rejector MMICs. Niomiya’s pioneering ideas used expen-

sive III-V semiconductor compounds that do not integrate

easily with digital circuitry, thus their design was not a

viable solution for extremely cheap, ubiquitous, and highly

integrated consumer products. However, recent develop-
ments of silicon-based complementary metal–oxide–

semiconductor (CMOS) processes (e.g., with transistor

gate lengths below 180 nm) over the last decade now allow

the implementation of these ideas for a broad consumer

market.

In recent years, semiconductor manufacturers have

successfully shrunk the gate length of transistors into deep

submicrometer levels below 50 nm, allowing transit fre-

quencies2 of CMOS transistors to reach hundreds of

gigahertz, much higher than the 60-GHz carrier frequency,

thereby allowing analog microwave circuitry to be fabri-
cated on the same circuit die and in the same semicon-

ductor process as digital circuitry [16], [17]. Fig. 3

demonstrates how small transistor gate lengths allow

high-frequency integrated circuits to be produced using

low-cost silicon-based CMOS processes, rather than

expensive GaAs or other III-V semiconductors. Remark-

ably, today’s ability to integrate mm-wave analog circuits

in the same process and die as high-speed digital circuitry
is a by-product of Moore’s Law, which has been predict-

ing greater integration densities and computations per

unit energy for digital circuitry rather than analog [17].

Fig. 3 indicates that analog components operating at

hundreds of gigahertz in silicon CMOS may be common-

place beginning in 2012 (the generation lag of approxi-

mately two years of analog behind digital processes allows

extra time needed to allow chip foundries to add spe-
cialized back-end-of-line (BEOL) features such as thick

metal layers [17]). But there are challenges to using

CMOS for mm-wave analog components, including in-

creasingly lossy substrates with each new process gene-

ration due to higher substrate doping concentrations.

In 2002, Ohata et al. [18] of NEC presented transmitter

and receiver circuits for use in the 60-GHz band in a III-V

2The transit frequency of a device is the frequency of unity current
gain and is denoted as f T . Another commonly referenced figure of merit is
the maximum frequency of oscillation fmax, which is the maximum
frequency of unity power gain [20].

Fig. 3. Figure modified from [16]. In the past decade, smaller gate

lengths have allowed the transit frequency fT of silicon CMOS

transistors to reach hundreds of gigahertz. The maximum frequency

of operation fmax is also of interest. Heterojunction bipolar

transistor (HBT) III-V processes such as InP HBTs currently have fmax

values above 800 GHz [21]. Silicon currently has fmax near 325 GHz

for high-resistivity silicon-on-insulator (HR SOI) processes and

near 300 GHz for CMOS and BiCMOS [a process in which both FET

and bipolar junction transistors (BJTs) may be manufactured]

processes [22].
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AlGaAs/InGaAs heterojunction field effect transistor
(FET) process. They implemented a direct upconversion

transmitter using separate MMICs including a 30-GHz

oscillator, frequency doubler, amplitude shift keying

(ASK) modulator, bandpass filter, and a PA. They also

implemented a receiver out of separate MMICs including

an LNA, demodulator, and postlimiting amplifier. While

still not available at the time in low-cost CMOS, the work

demonstrated a growing capability and interest in 60-GHz
RF transceivers.

In 2004, Bosco et al. [19] of Applied Millimeter Wave

Laboratory of Motorola Labs published results for a direct

upconversion transmitter in custom and commercial

MMICs in III-V processes. They demonstrated a 3.5-Gb/s

link over a distance of 3 m with a bit error rate (BER) of

10�8 using amplitude shift keying, on–off keying

(ASK/OOK) modulation, confirming the possibility of
multi-Gb/s operation at 60 GHz. Their transmitter design

incorporated a 15-GHz VCO, �4 frequency multiplier,

mixer, and a driver amplifier and medium power PA, an

approach that has since been used by many researchers

working in CMOS.

In 2004, Doan et al. [23] presented some of the earliest

work in the use of CMOS for highly integrated 60-GHz

systems. They demonstrated that adequate performance
for 60-GHz operation in CMOS is not attained for all

transceiver components if a technology node older than

0.13 �m, such as 0.18 �m, is used. They also demonstrated

that optimal finger width for a multifinger 60-GHz

transistor is approximately 1 �m. Their results showed

transmission lines would need to be extensively used in

highly integrated mm-wave transmitters for 60-GHz

applications due in part to their ability to clearly define
current return paths, and also because on-chip mm-wave

transmission lines are primarily characterized by their

inductive quality factor instead of a capacitive quality

factor. The result of Doan et al.’s [23] transmission line

investigation also showed that coplanar waveguide trans-

mission lines should be used instead of microstrip lines

due to higher inductive quality factors.

In 2005, both Gunnarsson et al. [24] of Chalmers
University of Technology and Ericsson of Sweden and

Floyd et al. [25] of the IBM T.J. Watson Research Center

presented 60-GHz designs. Gunnarsson et al. [24] used a

0.15-�m pHEMT process to construct a 5.0 mm � 3.5 mm

transmitter consisting of a balanced resistive mixer, IF

balun, three-stage PA, and �8 frequency multiplier local

oscillator (LO) chain. They also implemented a 5.7 mm �
5.0 mm receiver that contained a three-stage LNA, image
reject mixer, and an IF hybrid �8 frequency multiplier

chain. Gunnarsson et al.’s design represented an unprec-

edented level of integration for 60 GHz at the time. But

higher levels of integration on chip, including the incor-

poration of digital baseband circuitry with analog circuitry

still had not been done, as it required a silicon process

such as CMOS.

In 2006, one of the first CMOS 60-GHz transmitter
and receiver circuits was reported in the literature. Razavi

[26] of the University of California at Los Angeles (UCLA)

reported a quadrature downconverter in 130-nm CMOS

that incorporated an LNA and active mixers in 0.3 mm �
0.4 mm. Alldred et al. [27] of the University of Toronto

presented a differential downconverter in 90-nm CMOS

that occupied only 0.6 mm � 0.48 mm and incorporated a

two-stage LNA, double-balanced Gilbert-cell mixer, LO
buffer, IF buffers, and baluns. This design had a power

consumption of only 60 mW, and demonstrated the low-

power potential of CMOS for 60-GHz applications. Earlier

in 2005, an industry group led by Kenneth O contem-

plated the use of CMOS on-chip or in-package antennas

for interchip (between chips) and intrachip (within a chip)

communications of massively broadband data in the 10–

20-GHz range [28]. These ideas were incorporated into a
60-GHz design in 2006. Reynolds et al. [29] of the IBM

T. J. Watson Research Center demonstrated a 60-GHz

transmitter and receiver in 130-nm BiCMOS that set a new

benchmark for integration and incorporated an antenna

in package. The transmitter successfully demonstrated a

630-Mb/s link over 10 m. Though it required nearly ten

times the power of Alldred et al.’s design (500-mW receive

and 800-mW transmit), Reynolds et al.’s implementation
represented a very high level of integration on a 3.4 mm �
1.7 mm chip. Their design incorporated a three-stage LNA,

PLL detector, low-pass filter, 8-band VCO, �32 frequency

divider, variable gain oscillator, �3 frequency multiplier,

and an IF mixer.

In 2007, Mitomo et al. [30] of Toshiba and

Maruhashi et al. [31] of NEC reported 60-GHz receivers

and transmitters that incorporated on-chip or in-package
antennas. These designs foreshadow future systems on

chip (SoC) in which many or all wired interconnects be-

come wireless. Mitomo et al.’s [30] on-chip receiver design
in 90-nm CMOS used only 2.4 mm � 1.1 mm excluding

pads and included a one-stage LNA, downconversion

mixer, and PLL synthesizer. The receiver required only

144 mW of power. Mitomo et al. did not measure the gain

of their on-chip dipole antenna. Maruhashi et al. [31] re-
ported separately packaged receiver and transceiver mod-

ules in AlGaAs/InGaAs over low-temperature co-fired

ceramic (LTCC) substrate each of which occupied roughly

1–2 cm per side. The receiver incorporated a three-stage

LNA downconverter and slot antenna, while the transmit-

ter included a two-stage PA, upconverter, and slot antenna.

Their use of LTCC allowed an antenna gain of 4 dBi. The

high antenna gain using an LTCC substrate, when com-
pared to typical gains for on-chip antennas over lossy

CMOS substrates without compensating structures such as

lenses, illustrates the difficulty of achieving high gains for

antennas on CMOS.

In 2009, Dawn et al. [32] of the Georgia Institute of

Technology presented two IF upconversion transmitters in

90-nm CMOS. The first used a single-ended transmitter
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design intended for low-power applications and occupied
1.4 mm � 1.5 mm, while the second transmitter was a

differential design for high-performance applications that

occupied 1.3 mm � 1.5 mm. The single-ended transmitter

contained a push–push VCO, LO amplifier, mixer, and

three-stage PA. It had a gain of 8.6 dB, P1dB compression

point of 1.5 dBm and consumed 76 mW. The high-

performance differential transmitter included a cross-

coupled VCO, Gilbert-cell mixer, marchand balun, and
three-stage PA. It had a gain of 12.4 dB and a P1dB com-

pression point of 4.1 dBm. In the same year, Parsa et al. [33]
of UCLA also published a 90-nm CMOS near-complete

transceiver that occupied 0.19 mm2 and consumed only

36 mW as a receiver and 78 mW as a transmitter. Their

design was based on a new Bhalf-RF[ architecture that

allowed a 30-GHz LO to be used to convert a baseband

signal to 60 GHz.
The potential of 60-GHz links to achieve data rates as

high as 6 Gb/s over distances of up to 2 m was demon-

strated by Tomkins et al. of the University of Toronto in

2009 [34]. Tomkins et al. relied on a direct-conversion

architecture that will likely become popular for inexpen-

sive 60-GHz devices. Researchers and companies that use

direct-conversion architectures will need to develop exper-

tise and fabrication experience to understand the advan-
tages and disadvantages over superheterodyne designs.

Direct conversion eliminates the image frequency chal-

lenge of superheterodyne receivers and can be imple-

mented in less area and more cheaply. However, it has the

disadvantage of increased susceptibility to second-order

harmonics, reduced isolation which can lead to self-

jamming, and places more stringent requirements on RF

filters used to reject adjacent channels [35]–[37]. As the
LO frequency of a mm-wave system increases, the direct-

conversion architecture will also face difficulty in attaining

high quadrature accuracy (i.e., maintaining precise 90�

phase shifts between quadrature components).

In May 2010, IBM and MediaTek demonstrated

60-GHz prototype transmitter and receiver chips in SiGe

BiCMOS8HP each of which included a planar, 16-element

antenna for use with the IEEE 802.15.3c standard [12]–
[14]. The receiver chip achieved 72-dB gain, consumed

1.8 W from 2.7 V, and occupied an area of 6.08 mm �
6.2 mm. The transmitter chip achieved 40 dB of gain,

occupied an area of 44 mm2, and consumed 3.8–6.2 W.

These chips demonstrate that 60-GHz products are on the

verge of commercial viability.

Table 1 summarizes results achieved by the research

community in 60-GHz radio design.

A. Tradeoffs Between Simplicity and Performance
Subterahertz wireless will find applications both in-

door and outdoor for short-range WPANs and longer range

uses such as mm-wave backhaul between base stations.

The maximum range envisioned for 60-GHz systems for

WPANs is several meters, whereas outdoor systems will

likely be used for links up to 1 km. A more nuanced view of
WPAN distinguishes two classes of devices that will occupy

the 60-GHz WPAN product space. The first class is high-

performance devices capable of operating in non-line-of-

sight (NLOS) conditions such as around corners and past

obstacles, and a range up to 10 m. The second class will be

occupied by lower performance devices that only operate

in line-of-sight (LOS) conditions with a range of a few

meters (e.g., 3 m maximum), and will offer consumers a
lower price entry point into the 60-GHz product space.

Architecturally, the higher performance devices will be

characterized by antenna arrays and more sophisticated

baseband processors to implement beam-steering algo-

rithms, while lower performance devices will contain

fewer antennas (and thus offer lower directionality and

gain) and simpler baseband processors that implement

either simplified beam-steering algorithms or no beam-
steering algorithms at all.

For example, in October 2010, Valdes-Garcia et al. [13]
presented a 16-element beam-steering 60-GHz transmitter

for use with the IEEE 802.15.3c standard. The complex

multielement design was chosen to overcome challenges

associated with the 60-GHz channel, including higher path

loss compared to lower frequency systems (e.g., Wi-Fi) and

more severe shadowing due to obstructions such as people
walking around. Although the transmitter achieved a high

gain of 40 dB, it required substantial area at 44 mm2,

substantial processing, and complex 1 : 16 power splitting

to distribute a signal to all elements in the array. Work in

[13] confirms that such hardware complexity is necessary

to create radio links further than several meters as indi-

vidual PAs cannot provide adequate output powers to

attain the maximum power density of 18 �W/m2 as al-
lowed by the FCC. Valdes-Garcia et al. [13] also show that

highly complex systems, especially when implemented in

CMOS or SiGe, should focus on antenna arrays, which

necessitates beam steering, as opposed to on-chip power

combining coupled with single low directivity antennas,

which is a less efficient and more space intensive solution

to attaining high range.

In 2007, Lee [38] provided an example of a contrasting
low-complexity system that incorporated only a single

antenna as opposed to the 16-element array used by [13].

This device was capable of 1.5-Gb/s transmissions up to

2 m, while Valdes-Garcia et al. [13] attained up to 5.3 Gb/s
at a 4.5-m distance [14]. Compared to the 44 mm2 required

by [13], this chip required only 3 mm2 of area and con-

sumed only 25 mW of direct current (dc) power compared

to 6.2 W required by [13].
When used for backhaul applications, 60-GHz and

higher frequency mm-wave systems will need to consider

outdoor obstructions such as foliage and weather, and

antenna movements caused by wind and mechanical

vibrations. The Doppler frequencies in outdoor channels

will be much greater than for indoor WPAN applications,

due to wind speeds, moving tree branches, and vehicular
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traffic, thus requiring smaller data frame sizes and more

frequent equalization and antenna beam-steering updates.

The backhaul propagation environment at 60 GHz and

above is not well understood today, but rain and fog will

have a dramatic impact on the channel attenuation, as is
clear when indoor 60-GHz measurements such as those

conducted by Xu et al. [39] are compared to outdoor mea-

surements in clear and adverse weather conditions [40],

[41]. Work in [41] found that outdoor 60-GHz links can

experience as much as 3.9 dB of attenuation due to rain

over a link distance of less than 200 m. Measurements in

[40] show the need for improved understanding to combat

deep fading in the outdoor channel, as mm-wave links

can be interrupted or experience signal fades as deep as

46.7 dB due to antenna movement as slight as several

centimeters. An advantage that backhaul and cellular sys-
tems will enjoy over short-range WPAN is that the radio

fixture size will need to be large enough for pole or build-

ing mounting, and will have robust power supplies and

room for circuitry that can support high-power transmitter

amplifiers, sophisticated signal processing, and tempera-

ture control. The relatively large radio fixture will also

Table 1 The Level of Analog Integration for 60-GHz Devices Has Increased Dramatically Over the Past Decade
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allow electrically large antenna apertures to be built onto
the casing, thereby supporting extremely high gain, steer-

able planar antenna arrays in both horizontal and vertical

directions.

Regardless of whether mm-wave communications sys-

tems are implemented indoors or outdoors, short range or

long range, these new systems will use highly directional

antennas to an extent never before seen in terrestrial com-

munications. New protocols for finding and locking the
antennas between desired transceivers are required, since

highly directional antennas will appear Bblind[ to other

transceivers when pointing in a single direction. Rapidly

adjustable beamwidth antennas will be used to scan themany

possible signal paths, before locking into a high beam mode

to close the link for reliable high-speed communications.

B. Link Budgets for Wireless Transceivers at 60 GHz
To determine the usability of RF transceivers, a link-

budget analysis and measurement is required to ascertain

acceptable communication distances. At short distances
(millimeters or centimeters of separation), the linearity

of the receiver dictates communications performance,

whereas the noise figure of the receiver and transmitter

dictates coverage range. Several researchers have pre-

sented measured or theoretical link budget data for the

60-GHz band, including [34], [39], [42]–[45], and [184].

The signal power PRX at the input of a receiver, in dBm is

given by [46]

PRX ¼ PT � PLd þ GT þ GR (1)

where PT is the transmitted power in dBm, PLd is the path
loss in decibels for the transmitter–receiver separation

distance d, GT is the transmit antenna gain in decibels, and

GR is the receive antenna gain in decibels. The noise power

in dBm at the input to a receiver is given by [46]

Pnoise ¼ 10 logðkTsystÞ þ 10 logðBÞ þ NFRX (2)

where 10 logðkTsystÞ is equal to �174 dBm/Hz for a system

temperature of 17 �C. NFRX is the noise figure of the

receiver in decibels, and B is the bandwidth of the signal in
hertz. If we assume a 1-m link with 68 dB of free space
path loss (through Friis free space formula at 60 GHz),

using unity gain antennas, and a transmit power of

10 dBm, then the received power is given by

PRX ¼ 10 dBm� 68 dBþ 0þ 0 ¼ �58 dBm:

Further, if we assume a receiver LNA noise figure of

6 dB, and an RF bandwidth of 1.25 GHz, then the noise

power at the receiver front end is given by

Pnoise ¼ �174 dBm/Hzþ 10 logð1.25 GHzÞ þ 6 dB

¼ �77 dBm:

This 1-m link would have a signal-to-noise ratio (SNR)

of �58 dBm� ð�77 dBmÞ ¼ 19 dB (ignoring implemen-

tation losses in the circuits). As discussed subsequently,

the antenna and propagation characteristics greatly affect
the link budget. It is important to note that SNRs of 10.7,

16.7, and 21.7 dB are needed for quadrature phase-shift

keying (QPSK), 16-quadrature amplitude modulation

(QAM), and 64-QAM transmissions, respectively, to ob-

tain end-user BERs of 10�11 after Reed–Solomon decoding

[42]. We see that 1-m links can easily support multi-Gb/s

for QPSK and 16-QAM modulation schemes using unity

gain antennas. Even greater distances are achieved with
phased array antennas. The recently publicized 60-GHz

prototype receiver chip by IBM and MediaTek is claimed

to have a gain of 72 dB and a noise figure of approximately

7.4 dB [12], [14]. This provides for reliable 60-GHz links at

rates of 4 Gb/s over distances greater than 3 m using only

10 dBm of transmitted power. For outdoor backhaul and

cellular applications, (1) can be modified to add the

additional path loss due to atmospheric absorption fog, or
rain. When considering the use of outdoor high gain

antennas with 30–50 dB of gain, it is easily seen that

coverage distances of over a kilometer are viable for multi-

Gb/s data rates. Section X provides additional insights into

propagation considerations for the link budget. For

example, as shown in [41], millimeter-wave rain attenu-

ation models may be used reliably for outdoor propagation

scenarios, making outdoor cellular coverage predictions
relatively simple.

III . ON-CHIP ANTENNAS

The possibility of integrating and combining antennas di-

rectly on chip is one of the least explored areas for future
subterahertz communication devices. While radiation

losses are extremely large due to substrate absorption

and conductive currents, the removal of all connections

between RF circuits and the antenna offers substantial cost

reduction and flexibility in circuit design for low-cost

consumer electronics [5], [28]. Today’s conventional

thinking hardly justifies on-chip antennas for low-power

consumer devices due to high losses and low gains in the
absence of compensating structures such as dielectric

lenses. Indeed, typical on-chip antennas have only 10%

efficiency and negative gain. However, if very high gain

antenna structures can be designed and fabricated on chip

in submillimeter sizes (e.g., by using frequency selective

surfaces [48] or highly directional antennas such as Yagi or

rhombic antennas [5]), then the benefits of extreme cost
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reduction and improved design flexibility may outweigh

the use of more efficient off-chip antennas that require

more expensive and complex manufacturing processes. As

carrier frequencies and bandwidths move to the sub-

terahertz regime, on-chip antennas may also be justified as
a means of replacing metal interconnects between chips on

a printed circuit board, since metal leads become unusable

at vast bandwidths and carrier frequencies.3 In addition to

on-chip antennas, other promising interconnect mecha-

nisms that will replace today’s metal pins for massively

broadband signals on subterahertz carriers include on-chip

waveguides and through-silicon-via (TSV) waveguides

[49]. Though we focus on on-chip antennas in this paper,
a solution for replacing metal interconnects in today’s

chips must be discovered, as un-equalized metal inter-

connects are generally not operable past 20 GHz in

passband bandwidth [50]. Successful implementation of

on-chip antennas will be beneficial for a host of

applications, including highly integrated transceiver

design and spatial power combining for 60-GHz and

higher frequency mm-wave systems (e.g., see the recent

work by Atesal et al. [51]).
On-chip antennas have been reported for a vast range

of frequencies, from 0.9 GHz [54] to 77 GHz [55]. Fig. 4

and Table 2 give an overview of some of the results that
have been reported in the literature.

The best on-chip antenna gains for single antennas

have relied on the placement of dielectric lenses below or

above the antenna (sometimes called a resonator). This

technique has the effect of reducing energy lost to sub-

strate modes [58], [60], [72]. Substrate modes allow waves

of certain frequencies to propagate through the bulk

silicon substrate, based on the chip’s material properties
and physical dimensions. A dielectric lens above the

antenna reduces the difference in the dielectric constants

above and below the antenna (without the lens above the

antenna, the dielectric constant below the antenna is

that of the silicon substrate, while that above is of air)

[72], [73]. This lens has the effect of increasing the

antenna’s radiation intensity away from the substrate and

reducing energy lost into the substrate. The lens above
the antenna should be constructed of a material with a

dielectric constant equal to or larger than that of the

substrate that supports the antenna (e.g., a dielectric

lens of silicon dioxide ð"r � 4Þ above an antenna on

doped silicon ð"r � 12Þ will not substantially improve

3This is due to skin effect forcing more current to flow through the
substrate with increasing frequency, in addition to the inverse
proportionality of a metal’s surface resistance to the penetration depth
[52], [53]. As frequencies go to the terahertz range, massive bandwidths
cannot be carried by typical metal leads.

Fig. 4. Reported results for on-chip antennas.
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performance).4 A dielectric lens below the chip releases

and radiates the energy trapped as substrate modes in the

silicon out the back of the chip [57], [58]. But these

techniques have the disadvantage of being nonstandard in
foundry production processes [64], and the dielectric lens

above the chip substantially increases the form factor of the

chip, as seen in [72] and [60]. Several ideas, such as the use

of frequency selective screens and metamaterials as sug-

gested by Ragan et al. [48], should also be investigated to

reduce loss to silicon substrate modes. Another possibility

being explored is the use of symmetric electromagnetic

bandgap structures, as described by Llombart et al. [74].
A single dipole antenna is not adequate to meet robust

link budget requirements for 60 GHz. For a worst case

scenario over several meters with a deep signal fade, the

combined gains of the transmitter and receiver antenna

can reach as high as 71 dB for an acceptable link margin

[44]. 60-GHz devices require the use of antenna arrays on

chip or in package to meet link margin requirements. For

example, IBM and MediaTek’s recently released 60-GHz

prototype receiver chip incorporated 16 antennas and

achieved a gain of 72 dB, illustrating the benefit of an

antenna array [12], [14]. SiBEAM uses an outboard pack-

age containing 36 antennas [11]. Arrays offer the best
means of attaining a tight antenna beam pattern with the

most flexibility for steering the antenna and in creating a

system design. The disadvantages of using arrays are the

increase in area and power required for many antenna

elements, and the added implementation of beam-steering

protocols, although higher frequency bands will make on-

chip arrays much smaller and thus easier to integrate. The

area of an antenna array is determined by the area of each
element and the element spacing. Table 3 summarizes

sizes reported in the literature for on-chip antenna ele-

ments that may be considered in an array.

On-chip antennas on doped silicon substrates generally

have low efficiencies of about 10% [5] for three reasons.

First, the on-chip antenna Bprefers[ to radiate into the

lossy chip substrate due to the higher dielectric constant of

the substrate than that of air. Second, the substrate thick-
ness approximates a resonant cavity that may have a re-

sonant frequency near the mm-wave band of interest if

substrate thinning is not used. This problem is exacerbated

4The lens above the antenna is not doped silicon so the propagation
loss through it is low.

Table 2 Summary of On-Chip Antennas From the Literature

Rappaport et al. : State of the Art in 60-GHz Integrated Circuits and Systems for Wireless Communications

Vol. 99, No. 8, August 2011 | Proceedings of the IEEE 1399



by the high effective loss tangent of the substrate, which

results in wide resonant bandwidth of the chip substrate.

Third, the high doping concentration of the substrate
(especially in modern processes) which is used to avoid

latch-up of digital components results in rapid attenuation

of RF waves that enter the chip substrate. For this reason,

other antenna implementations that are as close to the

chip as possible while maintaining acceptable performance

are of interest to the RFIC community. For example,

in-package antennas place the antenna elements in the

package surrounding the chip, and stacked chips with feed-
through vias would allow an old, high resistivity technology

process to house the antenna elements and simple on–off

switching diodes, while the RF electronics would be

implemented on a more modern technology below the

antennas, themselves. The low efficiencies of on-chip

antennas also makes their characterization especially

difficult. Most on-chip antennas are characterized on

commercial probe-stations, where large pieces of metal can

result in multipath scattering and reflections that can badly

degrade measurements of on-chip antenna patterns.

Therefore, techniques to improve reliability and accuracy
of on-chip antenna pattern measurements, such as those

developed in [203], should be used and refined.

Although higher cost, in-package antennas can cur-

rently achieve much higher efficiencies than on-chip an-

tennas due to their distance from the lossy chip substrate.

Popular package technologies include Teflon ð"r ¼ 2:2Þ,
LTCC (�r ¼ 5.9–7.7), fused silica ð�r ¼ 3:8Þ, and liquid

crystal polymer (LCP, �r ¼ 3:1). In general, the best gain-
bandwidth product will be obtained using materials with

low dielectric constants [6]. There are a number of chal-

lenges to using in-package antennas as reported in 2010 by

Kam et al. [75], including detuning of antennas due to the
presence of packaging materials, difficulty in meeting

mechanical and electrical reliability requirements, anten-

na interference from heat sinks, and possibly the high

expense of packaging processes. LCP is currently viewed as

Table 4 Summary of 60-GHz In-Package Antennas From the Literature

Table 3 Dimensions of On-Chip Antennas Reported in the Literature
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a good low-cost method of implementing in-package

antennas [75].

Both on-chip and in-package antennas will need to be

very directive for long-range WPAN applications (for links

up to 10 m in NLOS conditions). This will also be a char-

acteristic of antennas used for outdoor mm-wave point-to-

point applications such as mm-wave backhaul and future
cellular systems. Millimeter-wave cellular and backhaul

will also benefit from multiple-input–multiple output

(MIMO) [76]. Table 4 summarizes literature results for

60-GHz packaged antennas. In-package antennas are more

efficient and have higher gains than lower cost on-chip

antennas.

Advanced packaging technologies provide the possi-

bility of integrating antennas and other mm-wave com-
ponents in more flexible ways than on a single chip. This

depends on the type of interconnects used in the package.

Popular interconnect technologies include flip chip con-

nections [82], which facilitate stacked structures and cou-

pling connections that can reach higher frequencies than

standard wire bonds [83]. Coupling connections may come

in many forms, and are designed using capacitive connec-

tions between different components in a package. This
technique may be especially useful for integrating multiple

chips into a single package. For example, an antenna may

be fabricated on a mature, low-cost semiconductor process

technology (e.g., 0.18- or 0.35-�m CMOS) with lower sub-

strate doping than the newest process technology. This may

then be capacitively coupled to a more advanced process

chip which contains active mm-wave components such as a

60-GHz PA. The antenna would benefit from the older
technology’s lower doping concentration and higher

resistivity, which results in a less conductive, less lossy

substrate than on a newer process technology. If an antenna

array is used, simple low-speed active switches (e.g.,

diodes) could be integrated onto the antenna chip with

phased passive feedlines to perform element tuning, phase

shifting, and beam steering. This is illustrated in Fig. 5.

IV. POWER AMPLIFIERS

The RF PA stage used in 60-GHz transmitters is key to
establishing the link budget and the power requirements
(and hence battery life) of a device. The PA of a traditional
wireless system is the most power hungry device. PAs for
60 GHz must be designed with adequate linearity for the
specific modulation scheme used, while delivering ade-
quate output power and efficiency for long battery life.
These goals are made challenging by the low-voltage
supplies of modern deep submicrometer CMOS, and the
large dynamic ranges required for certain modulation
schemes such as orthogonal frequency division multiplexing
(OFDM).

The large dynamic range of the output power required
in certain M-ary modulation schemes such as OFDM com-
plicates PA design as it requires highly linear operation.
The amplifier spends a substantial portion of each cycle
below saturation where the amplifier is less efficient
(operating an amplifier below its saturation output power
level is known as Bbackoff[) [85]. The linearity require-
ments are due in part to the peak-to-average power (PAPR)
ratio of the particular modulation choice (see Table 15 in
Section XI). Today’s 60-GHz devices are considering both
OFDM and single-carrier frequency domain equalization
(SC-FDE) modulation and multiple access approaches.
SC-FDE enjoys a smaller PAPR, implying that a less linear
PA is required. There are many potential ways of improving
the efficiency of linear or near-linear PAs, including the
Doherty architecture [86], envelope tracking [87], [88], self-
biasing [89] (which also can improve device lifetime), and
power combining [88], [90]. Certain very inexpensive
60-GHz devices for low spectral efficiency applications
may also achieve high PA efficiency by using a more efficient
switching amplifier rather than a linear amplifier. The
efficiency of mm-wave PAs is degraded by parasitic elements
in active and passive components. Proper design of trans-
mission line elements, discussed in Section VIII, will im-
prove efficiencies of these designs.

Fig. 5. Advanced interconnect technology, such as capacitive coupling, allows much higher frequency operation than standard wire bond

technology, and allows more flexible connections for better component integration. The science of coupling connections is well developed

by [83]. Here, we suggest such a technique to interface an antenna chip fabricated on a mature, lower cost, less doped substrate with

an active 60-GHz mm-wave RF chip.
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The Doherty architecture improves efficiency by com-
bining in parallel the outputs of a main large amplifier and

a smaller auxiliary amplifier [86]. This design can also

improve PA linearity [92]. For low input voltage levels the

main amplifier operates near saturation (and hence with

high efficiency) while the auxiliary amplifier is off. As the

input voltage increases, the auxiliary amplifier turns on

while the main amplifier continues to operate near satura-

tion. The challenges associated with this design involve
careful biasing and matching, including proper passive

element design for power splitting and combining and de-

signing the input impedances of the primary and secondary

amplifiers. CMOS Doherty PAs at lower frequencies, in

particular, have been difficult to integrate due to the long

transmission lines required to correctly combine the out-

puts of the main and auxiliary amplifiers [86]. But this

challenge is significantly reduced in the mm-wave region,
where shorter wavelengths reduce the size of required

transmission lines on a chip. Results for the Doherty

architecture include [86] which shows a 14% power added

efficiency (PAE)5 at 2.4 GHz. The only reported Doherty

implemented for use with 60 GHz achieved a 3% PAE [92].

Thus, substantial work remains to improve this design for

mm-wave CMOS devices if it is to be used for purposes of

improved efficiency as opposed to improved linearity.
The Doherty amplifier technique is an example of how

transmission lines are used to provide appropriate impe-

dances and matching circuitry to allow for power combin-

ing. In this instance, the transmission lines combine the

outputs of two (or more) amplifiers. At mm-wave frequen-

cies, approaches such as on-chip coupling transformers

used by Liu et al. [90] at 2.4 GHz may also be used on chip

for power combining. Fig. 6 demonstrates this technique,
which uses multiple sub-PA stages that are coupled to

provide in-phase power amplification [90]. The outputs of

four sub-amplifiers are combined in-phase to deliver a

large output power that is not limited by the voltage swing

limitations of the smaller sub-amplifiers.

The Doherty technique and the technique presented by

[90] are both examples of on-chip power combining. Off-

chip power combining is also possible through correctly
phased on-chip antennas. This technique was used as early

as 1994 by Sanchez-Hernandez and Robertson [93] for

60-GHz Gunn Diode oscillators in mm-wave backhaul

applications at 62.5/63.5 GHz. More recently in 2008,

Emrick and Volakis [94] explored this technique with

three antenna topologies including spiral, edge-bow tie,

and half-circle printed antennas, each characterized

individually and in an array to determine utility for power
combining. For their metric of utility, Emrick and Volakis

[94] showed that a power combining and in-phase trans-

mission approach may be used to obtain a product of

transmit power and transmitter and receiver antenna/

antenna array gain (i.e., Pt � Gt � Gr, or the numerator in

Friis Free Space equation) of 60 dBm, which they cited as
necessary for multi-Gb/s communications at 10-m dis-

tances. This study found that half-circular antennas were

preferable and when a 6 � 6 element array of these

antennas each fed by an individual amplifier is used, the

specified 60-dBm threshold is met. More recently, Valdes-

Garcia et al. [13] of IBM and MediaTek used a form of

spatial power combining for their implementation of a

16-element phased array transmitter for IEEE 802.15.3c.
Atesal et al. [51] also recently used this technique for

higher W-band frequencies (90–98 GHz) to perform

spatial power combining for W-band PAs. On-chip power

combining is difficult at 60-GHz and higher mm-wave

frequencies due to the limited output powers of individual

components and the low quality factors (Q) of on-chip

passive components [51].

When deciding between on-chip power combining
using transformers, and spatial power combining using

active antenna arrays, the system requirements and solu-

tion must be carefully considered. For example, a spatial

power combining approach must be able to overcome the

challenges of on-chip antennas, including extremely lossy

substrates and Bpreferential[ antenna radiation into the

substrate versus out to the surrounding environment. The

method and location of phase shifter elements, either at
baseband, LO, IF, or RF, and the tradeoffs associated with

each must be considered also. If spatial power combining is

possible in a way that overcomes the lossy substrate, e.g.,

using lower loss substrates such as SiGe, and if sufficient

space is available for phase shifting without causing array

grating lobes, then this method can be highly advantageous

by avoiding losses associated with on-chip power combin-

ing structures [95]. In their implementation of a phased

5PAE ¼ ðPRFout � PRFinÞ=Pdc [37] is a measure of how efficiently an
amplifier converts dc power to RF power.

Fig. 6. This on-chip power combining approach is to ensure the

amplifiers on the left are operated near saturation and to provide a

large voltage swing on the output at the right [90].
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antenna array, Valdes-Garcia et al. [13] used RF-phase

shifting and cited this method as requiring least area,

lowest power, and fewest redundant components, and thus

they deemed it advantageous over baseband, LO, or IF

phase shifting. Buckwalter et al. [50] used a Bpower
combining[ antenna array for 60 GHz that used LO phase

locking/shifting rather than RF phase shifting and found

insufficient space was available to integrate all phase
shifting components without generating grating lobes.

Envelope tracking [also known as Benvelope elimina-

tion and restoration[ (EER)] works by rapidly varying the

power supply voltage in step with the input so the ampli-

fier is kept near saturation. Intuitively, envelope tracking

is beneficial for operation under backoff because it allows

several nonlinear amplifiers to work in conjunction to

achieve linear amplification [37] (nonlinear amplifiers are
more efficient because they operate closer to saturation

where current is conducted only a fraction of the time). If

the EER device is not fully linear, then an additional lin-

earization stage may be needed [37]. Results for envelope

tracking at lower frequencies include 23% PAE at 16-dB

backoff at 1.8 GHz by Choi et al. [87], who combined

envelope tracking with a Doherty approach. This result

should motivate further investigation of this technique for
60-GHz designs. Fig. 7 illustrates envelope tracking.

Self-biasing is attractive for designing high-efficiency

PAs that require very high output powers (e.g., class-E PAs,

in addition to linear amplifiers) [89]. The technique is

similar to envelope tracking because it regulates the supply

and bias [89]. Using passive devices, self-biasing regulates

supply/bias voltages for optimal distribution of voltage

swing across the different transistors in the PA [89]. In
addition to high PAE, a properly designed self-biasing net-

work may make high output powers on the order of watts

possible by reducing hot carrier effects that would other-

wise degrade the device [96]. Results include 40% PAE at

16-dB backoff and 60% PAE at saturation reported by [89],

who used a self-biasing technique at 2 GHz. At mm-wave

frequencies, distributed inductive and capacitive compo-

nents, such as transmission lines, would be required to

create the passive devices for this technique. Fig. 8 illus-
trates the approach. This approach has proven to be very

useful at lower RF frequencies, and merits more investi-

gation at mm-wave frequencies of 60 GHz and above.

In addition to efficiency under linear operation, the

gain, and output power achievable with a PA are key fac-

tors in the design of most 60-GHz devices. Achieving good

gain and high output power becomes more challenging as

CMOS scaling continues since output power is limited by
the voltage supply of the device. Reduced supply voltage

also limits the output voltage swing of the amplifier,

putting an upper limit on gain. Novel topologies, including

novel uses of transformers, may be useful in tackling these

challenges [88], [98].

Table 5 summarizes some recent results in 60-GHz PA

development reported in the literature. Table 6 contrasts

these developments with low-power or high-efficiency PA
designs for non-60-GHz applications.

Contrasting Tables 5 and 6 indicates that 60-GHz PAs

are far less efficient than the most efficient designs at

lower frequencies. This is due in part to operation closer to

the maximum frequency of oscillation and the transit fre-

quency of the technology node used to construct the

device. But progress remains possible and improving the

efficiency of 60-GHz PAs will be essential to consumer
applications.

Fig. 7. Envelope tracking for efficient amplifiers. The envelope demodulator and drain modulator work together to bias the amplifier

such that it is most efficient [37].
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V. LOW-NOISE AMPLIFIERS

Performance of 60-GHz and subterahertz communication

systems rely on low-noise figure and high gain and linearity

at the receiver, as provided by RF LNAs [17]. LNA designs

should be stable and must be designed to perform properly

despite semiconductor process, voltage, and temperature

variations. In the mm-wave region, good LNA performance

becomes more difficult, due primarily to the need for more

stages to achieve needed gain, and the greater variations in
device parameters, due to manufacturing variations for

deep submicrometer devices [17]. Proper biasing, e.g.,

proper current densities, can also reduce sensitivity to

process, temperature, and voltage variations.

Table 7 summarizes examples of LNAs from the

literature.

Fig. 9 shows a very generic LNA design for mm-wave

circuits using inductors as would be found in a lower fre-
quency design, e.g., at 1 GHz. The cascode design allows

for good isolation between input and output stages, and

allows for separate input and output matching [37]. Fig. 9

also shows Binductive degeneration[ which uses inductors

to simultaneously match for minimal noise figure and

maximum gain. Various techniques have been explored for

improving this design at mm-wave frequencies. One

general and promising technique that would also be useful
outside LNA design would be to carefully engineer current

return paths to reduce the amount of current generated in

the lossy substrate [106].

At mm-wave frequencies, it is often beneficial to im-

plement the inductors in Fig. 9 using transmission lines

instead of standard spiral inductors. The decision to use

transmission lines or inductors should be made after con-

sidering the size, layout requirements, and electrical per-
formance of each structure, and after conducting

simulations of each approach using EM simulators such

as High Frequency Structure Simulator (HFSS) for the

chip environment [e.g., silicon or SiGe (silicon germani-

um) CMOS]. Transmission lines offer the advantages of

faster design and well controlled current return paths at

the expense of increased area [108], [109]. If transmission

lines are used, then coplanar waveguide (CPW) transmis-
sion lines should be used instead of microstrip lines for

highest inductive quality factor [23], and shields below the

line (implemented as arrays of short strips below the line)

may be added to improve the quality factor of the coplanar

lines (Varonen et al. [110] show that shielded CPW lines

can attain quality factors three times higher than

nonshielded lines).

Inductors may offer space savings over transmission
lines [111], [112], but do not offer the same routing flexi-

bility as transmission lines. Die photographs of mm-wave

chips with many transmission lines demonstrate this rout-

ing flexibility. When an inductor is used, it is advantageous

to use spiral inductors rather than single-layer inductors

and to use the smallest footprint possible for highest

quality factor [112], [113]. When used in transformers, e.g.,

for input power matching, inductors should be implemen-
ted with stacked designs for best coupling [114].

VI. 60-GHz VOLTAGE-CONTROLLED
OSCILLATORS

The VCO is a fundamental building block of most wireless

systems as it provides stable frequency sources, such as

Fig. 8. Self-biasing as described and presented by Apostolidou et al. [89] for a 2-GHz PA. As shown here, it can be accomplished

with a passive self-biasing network. This technique merits more investigation at mm-wave frequencies such as 60 GHz where

high output powers are difficult to achieve.
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LOs used in transmitters and receivers. VCOs for the

unlicensed 60-GHz band must have very large absolute and
relative tuning ranges, at about 15% (as high as 20% when

process, temperature, and supply voltage variations are

considered) of the operating carrier frequency, in order to

cover the entire range of 57–67 GHz [115].

There are several broad classes of VCOs: LC-tank

VCOs, which are the most pervasive for high-speed low-

voltage applications, Colpitts VCOs, subharmonic or push–

push VCOs, and distributed VCOs [17]. An LC-tank VCO
relies on cross-coupled transistors to generate a negative

resistance (necessary for oscillation) along with an LC

circuit with tunable frequency of oscillation, as shown in

Fig. 10. One of the key advantages of an LC-tank VCO is

the ability to generate a differential output [17]. Differen-
tial circuits, in general, are preferred over single-ended

circuits in RF circuitry, since differential circuitry provides

greater rejection of common-mode noise, better perfor-

mance despite process–voltage–temperature (PVT) varia-

tions, and less susceptibility to cross talk and noise within a

circuit layout.

The Colpitts VCO design is widely used and was de-

monstrated for 60 GHz as early as 2004 in a SiGe:C
BiCMOS technology [116]. The Colpitts design is similar to

the LC-tank design because the frequency is tuned through

an LC tank, but it offers the advantage of requiring only a

Table 6 Lower Power or Power Efficient Power Amplifiers Below 60 GHz. Millimeter-Wave 60-GHz PAs May Never Be as Efficient

Because Devices Are Operating Closer to Their Maximum Frequency of Operation

Rappaport et al. : State of the Art in 60-GHz Integrated Circuits and Systems for Wireless Communications

1406 Proceedings of the IEEE | Vol. 99, No. 8, August 2011



single transistor while the LC tank requires two [117]. The

Colpitts design also offers low phase noise [37], but is more

susceptible to low-Q inductors and capacitors than LC-

tank VCOs [117].

Subharmonic VCOs allow active components to oper-
ate at only a fraction of the output frequency (e.g., tran-

sistors operate at 30 or 15 GHz for a 60-GHz VCO output),

where they produce substantially more power than at the

desired output frequency. This is in contrast with the

Colpitts and LC-tank VCOs that require transistors to ope-

rate at the fundamental resonance frequency of the circuit,

where transistor efficiencies are smaller. Push–push VCOs

are a subclass of subharmonic VCOs, in which the second
harmonic of the fundamental frequency of oscillation is

extracted. Subharmonic VCOs at 60 GHz have been

demonstrated in [118]–[120]. Conventional subharmonic

designs have the disadvantage of only being capable of

single-ended outputs [17], although a balun may be used to

convert to a differential signal. Fig. 11 illustrates a push–

push design (note location of output at source of coupled
pair) that uses the second harmonic of a 30-GHz funda-

mental frequency to generate a 60-GHz output frequency.

Distributed-, ring-, or traveling-wave-based VCOs are

based on a feedback design that generates the desired fre-

quency along a transmission line [17], [119] or signal path.

Miyazaki et al. [121] claim that ring-based VCOs generally

require less power and are smaller than LC-tank VCOs. It is

possible to achieve a tuning range of 0.1–65.8 GHz with a
ring-based VCO [119]. A challenge usually faced by ring-

based or distributed VCOs is lower maximum oscillation

Table 7 Examples From the Literature of LNAs
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frequency, which can be overcome using hybrid designs

[119]. For example, Fig. 12 shows a ring-based subharmonic

VCO [119] that converts a 20-GHz fundamental frequency

to 60 GHz and offers a tuning range of 0.1–60 GHz. The
success of this design indicates that hybrid and other

innovative designs should be considered for 60-GHz and

higher mm-wave and THz frequencies.

In addition to subharmonic VCOs, it is possible to

generate the needed LO frequency using frequency multi-

plication. For example, a 25-GHz VCO output frequency

may be doubled to 50 GHz to serve as a useful LO fre-
quency for a 60-GHz design. This is different from a

subharmonic push–push design because frequency multi-

plication relies on an external frequency that is injected

into the oscillator and then multiplied by the oscillator

(while a subharmonic design generates a fundamental

frequency and its harmonic within the same oscillator and

outputs the harmonic frequency). This was the approach

taken by Kishimoto et al. [122], who used the second
harmonic of a 15-GHz source as an injection frequency

into an oscillator. The oscillator then multiplied the input

30-GHz signal by 2 to obtain an output frequency of 60 GHz

(and an overall multiplication factor of 4 for the originally

generated 15-GHz signal). This approach may offer a low

phase noise with small implementation area, but has the

Fig. 9. A very typical LNA design. This figure indicates the importance of inductive elements for LNA design. Transmission lines are also used

frequently as inductive components atmm-wave frequencies, as shownonthe right from[107]. Transmission lines requiremorespace thanspiral

inductors, but may be routed very flexibly, and may be easier to design for first-pass success.

Fig. 10.Atypical LC-tankvoltage-controlledoscillator thatgenerates a

stable frequency source. This design is capable of a differential output.

Fig. 11. A typical push–push VCO design. The output is the second

harmonic of the fundamental frequency and is taken at the source

nodes of the transistors in the cross-coupled pair.
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disadvantage of requiring a large input injection power (e.g.,

the 30-GHz injection frequency in [122]). Kishimoto et al.
[122] used a multiplication factor of 4, and a higher multi-

plication factor may be disadvantageous as it results in lower

overall output power. Also, Kishimoto et al. [122] state that
this technique has the disadvantage of high susceptibility to
frequency shifts due to temperature variations.

Table 8 compares several VCO designs and implemen-

tations for 60 GHz. The table and discussion indicate a rich

design space to explore when implementing a mm-wave

VCO, and the advantages of each approach should be

considered. Different approaches include fundamental

60-GHz oscillators such as the Colpitts for a single-

ended 60-GHz signal, a cross-coupled pair for a 60-GHz
differential output signal, and a subharmonic approach

with frequency multiplication techniques.

VII. 60 GHz MIXERS

Mixers may be active or passive. Operationally, active

mixers modulate transconductance while passive mixers

modulate a switch resistance [17]. Active mixers provide

a conversion gain through transistors that serve as am-

plifying elements, while passive mixers use diodes or non-

amplifying transistors as simple switches, resulting in a

conversion loss. Passive mixers are easier to implement at
subterahertz frequencies compared to active mixers [128],

[129]. Passive mixers consume very little power, can

achieve high linearity performance [128], and lower 1=f
noise and shot noise [129] than active designs.

Large LO power is difficult to achieve at 60 GHz, since

transistors operate closer to the transit frequency and

maximum frequency of oscillation in CMOS [17]. This

greatly complicates mixer design (especially switch-based
passive mixers, which often require higher LO power

levels in order to switch firmly). Conversion gain falls off

quickly and conversion loss rises quickly with reduced LO

power [17]. Thus, 60-GHz mixer designs must consider

lower LO power levels if passive mixers are used. Re-

searchers must balance gain, linearity, and power con-

sumption when selecting mixer and amplifier topologies.

Table 8 indicates that VCOs for the 60-GHz band typically
provide output powers about �8 to �20 dBm. Table 9

summarizes recent mixer results.

It is also important to consider isolation between the

different ports of the mixer. Mixers may be either single

ended (the LO, IF, and RF frequencies appear at the

output), single balanced (two of frequenciesVRF, LO, or

IFVappear at the output), or double balanced (only one of

the frequenciesVRF, LO, or IFVappear at the output).
Low isolation results in increased distortion, self-jamming,

and dc offset errors. Single-balanced and double-balanced

designs offer better isolation at the cost of increased cir-

cuit area and complexity over single-ended mixer designs.

VIII . TRANSMISSION LINES AND
PARAMETER EXTRACTION FOR
SUBTERAHERTZ CIRCUIT DESIGN

Transmission lines and other passive components such as

spiral inductors dominate the area of most RF and mm-

wave chips. Characterization of these structures is

essential for successful 60-GHz design. It is quite common

that major semiconductor manufacturers do not have a

complete understanding of the material properties of their

manufacturing processes at mm-wave frequencies,
especially if their primary customers require digital, and

not analog, circuits.

Transmission lines play many roles: they transport

signals between structures, perform impedance matching,

and are at times the best means of creating inductive or

capacitive elements, especially when lumped components

are impractical or too lossy to fabricate in the semicon-

ductor process due to parasitic lead inductances or poorly
defined current return paths [17].

The two primary forms of transmission lines used for

60-GHz structures include microstrip transmission lines

and coplanar waveguide transmission lines [138].

Microstrip designs offer higher capacitive quality factors

(defined as the ratio of electric energy stored to energy lost

per cycle) than coplanar lines due to the placement of their

ground shield above the substrate [138]. Coplanar designs
offer higher inductive quality factors (defined as the ratio

of magnetic energy stored to energy lost per cycle) than

microstrip designs. The importance of inductive compo-

nents (e.g., in Fig. 9) often makes coplanar transmission

lines preferable to microstrip transmission lines [138],

[139]. Fig. 13 illustrates microstrip and coplanar wave-

guide transmission lines. Emerging transmission line

concepts include elevated coplanar waveguides, where
the signal is elevated above the ground lines, possibly

reducing insertion loss (e.g., signal line on a top metal

layer, with ground lines in a lower metal layer) [140].

In addition to transmission lines, it is also possible to

design hybrid on-chip couplers for mm-wave 60-GHz chips.

In fact, most of the traditional microwave structures

developed for lower frequencies such as those discussed by

Fig. 12. A hybrid ring, triple-push VCO design [119]. This design

has an extremely wide tuning range of 0.1–60 GHz.
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Pozar in [53] may be implemented on chip at 60-GHz and

higher mm-wave frequencies. For example, a 180� hybrid

4-port coupler traditionally designed on a printed circuit
board can be used to create an on-chip mm-wave balun to

convert a single-ended VCO output to a differential signal.

In 2009, Lien et al. [141] presented a design and analysis of a
180� Marchand rat race hybrid in 0.13-�m CMOS as a mm-

wave balun. Their implementation achieved an insertion

loss of 3–4 dB from 45 to 80 GHz on through ports, and

isolation below�20 dB from 47 to 72 GHz on isolated ports.

The primary challenge of passive component design is
selecting the correct topology and dimensions for each

component to avoid excessive losses. This requires accu-

rate knowledge of the process material parameters at the

operating frequency, including relative permittivity and

loss tangent. This is difficult due to the differences among

different fabrication technologies (e.g., the substrate dop-

ing concentration of CMOS substrates increases with each

new technology node), and by the inability of foundries to
supply these data for their processes at mm-wave fre-

quencies. Researchers must extract these parameters and

build a library of models using test structures before com-

pleting more complex designs.

A test structure chip containing passive components is

an excellent tool for extracting material parameters. Such a

chip for 60-GHz parameter extraction was fabricated at

The University of Texas at Austin in 0.18-�m CMOS, and
is shown in Fig. 14 [139]. The test chip contained open and

shorted coplanar transmission lines (CPW) of various

lengths, a microstrip transmission line (MS), impact ava-

lanche transit time (IMPATT) diodes, and Yagi and

dipole antennas. Relative permittivity and loss tangent

can be extracted from the structure by measuring the

S-parameters of the transmission lines with a vector

network analyzer (VNA). S-parameters can be extracted
using a wafer probe station with correct probes for the type

of transmission line used (e.g., ground-signal-ground

probes for CPW transmission lines) and a VNA capable

of operating at the desired frequency.

The coplanar waveguides on the chip shown in Fig. 14

were used to extract the effective material parameters of

0.18-�m CMOS substrate at 60 GHz. The coplanar

waveguide transmission lines were modeled using ABCD

matrices6 cascaded between ground–signal–ground (GSG)
probe pad ABCD matrices. The probe pad ABCD matrices

were de-embedded by first measuring the ABCD para-

meters of isolated probe pads [139]. Researchers extracting

material parameters or characterizing on-chip structures

must include de-embedding structures on their chips, such

as probe pads, which may be measured and characterized

separately and apart from transmission lines or other

circuitry. Fig. 15 illustrates the test transmission line, which
includes probe pads whose effects must be de-embedded.

The measured ABCD matrix of the transmission line was

used to extract the characteristic impedance and propaga-

tion constant of the transmission line. These were then used

with transmission line dimensions to determine the relative

permittivity "r and loss tangent tan � of the substrate.

For a popular 0.18-�m CMOS process at 60 GHz, the

Fig. 13. Microstrip and coplanar waveguide structures. Parameters for the substrate are taken from [139].

Fig. 14. A test structure chip created at The University of Texas at

Austin formaterial parameter extraction for 0.18-�mCMOS at 60 GHz,

along with dipole and Yagi on-chip antennas [139].

6ABCD parameters are equivalent to S-parameters for 2-port networks,
but are advantageous because a cascaded structure can be modeled using
multiplied ABCD matrices. Cascading rules for S-parameter matrices are
more complex.
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effective relative permittivity and loss tangent were found to
be approximately 4.2 and 0.14, respectively [139].

IX. HIGH-SPEED ADCs

Massively broadband wireless communication systems

must convert RF/analog wireless signals to the digital do-
main for proper storage and handling of the tremendous

amount of transferred data. ADCs will be crucial in deter-

mining the achievable data rates for 60-GHz and subtera-

hertz communication devices. A key challenge in ADC

design is the power-bandwidth product which requires a

designer to trade off high sampling rates with high reso-

lution (e.g., number of bits). In any process technology,

the designer’s goal is to properly sample the massive infor-
mation bandwidth while not consuming excessive power.

Also, modern CMOS designs must achieve desired resolu-

tion with a low supply voltage to avoid damaging active

components [142] to ensure low power operation.

Kraemer [143] estimates an ADC will need at least 5 bits

of resolution and an effective resolution bandwidth of

1 GHz to handle the data rates envisioned in the 60-GHz

band. Work in [144] confirms that 5 bits of resolution, and
perhaps even fewer bits, will be required for practical ADCs

that also use analog equalization to mitigate multipath and

other frequency selective effects of the radio channel and

receiver front end.

For the most data-intensive applications of the 60-GHz

band, such as the high-speed interface and high-definition

audio and video streaming in the IEEE 802.15.3c standard,

sampling rates as high as 2.5 Gs/s (giga-samples per sec-
ond), with as many as 8 effective bits of resolution may be

required [145]. SiGe BiCMOS and 65-nm standard CMOS

ADCs have reached sampling speeds as high as 35–40 Gs/s

[146]–[148], possibly allowing direct sampling of mm-

wave frequencies, but these have required very high

power. With non-CMOS, poorly integrable processes, it is

also possible to attain sampling rates as high as 40 Gs/s

[149]. Such ADCs will also suffer from very low dynamic
range unless clock jitter can be made extremely low.7 Also,

nonstandard processes are not viable as inexpensive con-

sumer electronics.

There are many architectures currently used in ADC

design, of these, the requirement for high sampling rates

makes flash ADCs an attractive option for 60 GHz. While

fast, flash ADCs become impractical when more than 6 bits

of resolution are required due to the large number of
comparators required for higher resolutionsVthe compar-

ator count grows exponentially with the number of bits

[150]. Even if flash ADCs are not used, it is likely that a

sub-block of any ADC will have a flash-based architecture,

so it is important for designers to understand this topology

[151]. Fig. 16 [152] is a plot of the energy/sampling rate

provided by Prof. Murmann of Stanford University, in

which flash ADCs occupy the lower left portion of the
curve due to low resolutions. Flash ADC tradeoffs can be

described according to [153]

Speed� Accuracy2

Power
� 1

CoxA
2
vt

(3)

where Cox is the gate-oxide capacitance and Avt is a

technology-dependent factor that indicates the amount of

threshold voltage mismatch between transistors on a die.
From this equation we see that, for a given accuracy

(number of bits), the speed (i.e., sampling rate) of the flash

ADC directly trades with power consumption.

Equation (3) is useful for understanding several key

trends affecting ADCs in mm-wave systems. Primarily, the

Fig. 15. Onwafermeasurementsof a CPW transmission linewere used

to extract the material parameters of a 0.18-�m CMOS process [139].

7The dynamic range (D.R.) of an ADC is limited by clock jitter, i.e., the
difference in clocks distributed to different comparators in an ADC. As the
input frequency increases, the impact of clock jitter increases also, limiting
the dynamic range according to D:R: ¼ �20 logð�jitterfinÞ�5.172 dB [156].

Fig. 16. Figure from [152]. Flash ADCs (which occupy the region

circled in red) offer faster sampling rates than other topologies,

but are only feasible up to 6 bits of resolution. For this reason they

occupy the lower left portion of the curve [152].
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use of deep submicrometer processes result in faster

operation, lower supply voltage, increased operation in

weak or moderate inversion regimes, and increased mis-

match between transistors [154]. The ADC implications of

these trends are faster conversion rates, lower dynamic

ranges and SNRs, increased use of designs that accommo-

date nonlinearity of small-signal operation in moderate or

weak inversion, and increased use of low-voltage archi-
tectures [154].

Fig. 17 illustrates a basic flash architecture. The flash

ADC uses a voltage ladder to generate a set of reference

voltages that are compared to the input voltage using a set

of comparators [155]. The design is fast because it does not

require any feedback. Also, a flash ADC is mostly digital

and does not require sub-digital-to-analog converters

(DACs) that slow operation (other architectures require
feedback from sub-digital-to-analog blocks within the

ADC, requiring a slower analog portion). The key design

issues with a flash ADC are the selection of input capa-

citance (which trades off accuracy and speed), the number

of comparators to determine the number of bits of reso-

lution, the type of encoder used, and the type of compara-

tor used [155]. This architecture may require a complex

encoder since the output of the comparators is a thermo-

meter (unary) code, which usually must be converted with

bubble error correction to a standard binary code for

processing. The large number of comparators in flash ADC

can also severely load the circuits that precede it in the

device [155].

The power consumption of flash ADCs directly trades

with the required resolution. Authors commonly cite
6–8 bits of resolution as the limit for flash design, result-

ing in an effective limit on the achievable signal-to-noise-

and-distortion power ratio (SNDR)8 [151]. Power can also

trade with accuracy [157] if error correction is incorpo-

rated into the ADC due to extra digital processing needed

to implement various error correction schemes. Of the

various bubble-error correction or suppression methods,

Wallace-tree encoding is very popular as it can be imple-
mented with a high-speed pipeline architecture. Generally,

error correcting or extra encoding steps in the encoder will

directly impact the achievable speed of the ADC [157].

Fig. 17. A basic flash architecture. Weste and Harris [155] offer an explanation of this design. The number of comparators grows as 2n � 1

where n is the number of bits. This growth rate makes the input capacitance too high for high resolutions beyond 6 bits.

8SNDR ¼ signal power noise power plus distortion power [158] is the
signal-to-noise-and-distortion ratio, and is a measure of the dynamic range
of the ADC.
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There are several methods that can be used to reduce
the power consumption of a flash ADC. These include

modified flash architectures such as folding [155], or other

topologies, for example, that minimize the number of

active comparators that significantly determine the output.

The process technology used to construct the ADC can

have a tremendous impact on ADC design. The process

directly impacts ADC design by setting the supply voltage,

and low-voltage supplies of modern CMOS processes can
make flash ADC design especially challenging [159]. The

wide array of considerations involved in ADC design

makes it one of the most challenging parts of designing a

wireless device with integrated baseband components.

While flash ADCs may achieve high sampling rates re-

quired for mm-wave systems, they may dissipate too much

power for certain applications. Recent results suggest that

time-interleaved and successive approximation ADCs may
be useful for mm-wave systems [202].

Time-interleaved ADCs are based on a turn-based sam-

pling approach in which multiple ADCs successively take a

sample of the input signal. The ADC output is produced

from each sub-ADC in turn, thus allowing a slower sam-

pling rate of f s=M for each of the M sub-ADCs where f s is
the overall sampling rate. This is advantageous since

slower sub-ADCs cooperate to create a high resolution and
fast conversion rate ADC [147]. The challenges associated

with time-interleaved ADCs are attaining low mismatch

among the sub-ADC channels. Mismatch challenges in-

clude gain mismatch, bandwidth mismatch, and offset and

clock phase mismatch (i.e., clock skew among different

subchannels which results in spurious tones) [160]. In

practice, the clock skew among subchannels limits the

number of channels, and hence the achievable parallelism
of this design is also limited [147]. A time-interleaved ap-

proach was used in 2010 by Cao et al. [160] based on

subflash ADCs in 65-nm CMOS. The design achieved

10 Gs/s and dissipated 500 mW from a 1-V supply.

Successive approximation ADCs also merit consideration

for mm-wave systems. The basic operation of a successive

approximation ADC is illustrated in Fig. 18. A single output

bit is determined at each iteration of the conversion loop,
and the comparator output (either one or zero) is used to set

the DAC output for each iteration. This topology was used

for the sub-ADCs in 2008 by [161] in a time-interleaved

design. Louwsma et al. [161] used an Bover-ranging[
technique in the design of the DAC. This approach reduces

the DAC settling time and increases conversion speed. Their

design also used look-ahead logic within the control logic of

the successive approximation ADC, which enables limited
prediction and reduces the time needed to set the output

level of the DAC. The design achieved 1.35 Gs/s from a 1.8-V

supply and dissipated 0.18 W.

Table 10 summarizes recent results in high-speed

ADCs. The wide array of designs presented makes direct

comparisons challenging. Designers should note that while

flash ADCs may provide the fastest conversion rates, other

designs such as time-interleaving and successive approx-

imation may result in lower dissipated power.

X. SUBTERAHERTZ PROPAGATION

The radio propagation channel must be understood for

proper design and deployment of wireless communication

devices at 60 GHz and above. Both small-scale and large-

scale propagation conditions must be properly character-

ized for a particular operating frequency band, and little is
known at frequencies above 60 GHz. Large-scale propa-

gation data describe the average loss in signal strength as a

transmitter and a receiver become separated over large

distances, up to tens or hundreds of meters, whereas small-

scale propagation behavior happens over very small dis-

tances or time intervals (on the nanosecond or picosecond

range, or over distances of a fraction of a wavelength) [46].

At 60 GHz and above, the wavelengths are so small that
objects such as insects can appear as large obstructions or

scatterers. Additionally, as shown in Fig. 19 [173], a simple

two-ray propagation model consisting of a LOS and ground

bounce component at a frequency of 300 GHz, the

beginning of terahertz frequency regime, results in very

deep nulls that occur repeatedly over a few centimeters of

distance, something that has never been experienced in

other frequency bands. Increased scattering and spatial
frequency of severe reception nulls, even without move-

ment in the channel, indicate dynamic range and adaptive

antenna issues become more important at the subterahertz

frequency range than in all previous wireless systems.

Large-scale propagation models are needed to estimate

the SNR and interference levels as a function of separation

distance between two devices. Small-scale models describe

the channel over small fractions to several wavelengths of
movement and are required to model the small-scale va-

riations of multipath (e.g., multiple reflections of a signal

off a wall or object). The small-scale spatial or temporal

characteristics of the multipath channel is often charac-

terized by the channel impulse response, which describes

how a channel distorts an impulse of approximately infi-

nite bandwidth sent from the transmitter to the receiver.

Fig. 18. The basic operation of a successive-approximation ADC.

For an N-bit ADC, the conversion loop must be operated N times,

as each iteration adds a single bit to the output. Each iteration is fast

due to the small input capacitance presented by the single comparator

compared to the 2N � 1 comparators in a flash ADC architecture.
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Channel impulse responses are obtained with channel

sounders, which excite the channel with an impulse (or a

spread spectrum or swept frequency equivalent) that is

5–10 times the bandwidth of the passband of the channel
of interest. While the impulse response is primarily used to

determine small-scale channel behavior, large-scale char-

acteristics may also be obtained from proper averaging of

impulse responses obtained at various separation distances

between the transmitter and the receiver [46].

Large-scale propagation statistics include the average

path loss exponent and statistical variation from the aver-

age due to shadowing. The path loss exponent n indicates
the average rate at which the received signal power de-

creases as a function of separation distance, where signal

falls off as 10n dB/decade of separation. The random vari-

able X� accounts for log-normal shadowing and has a

Gaussian distribution with random values in decibels and

standard deviation � dB and zero mean about the average

distance-dependent path loss. A value of n ¼ 2 denotes free

space propagation over distance, and a value of n ¼ 4 is
common in severely attenuated propagation environments,

and is the asymptotic path loss caused by a two-ray ground

bounce propagation model [46]. Equation (4) summarizes

large-scale channel modeling

PLðdÞ ¼ PLðdoÞ þ 10n log
d

d0

� �
þ X�: (4)

In (4), d0 is a reference distance, often taken at one

meter for conventional cellular or Wi-Fi systems with cov-

erage distances of hundreds to thousands of meters. The

value X� represents a Gaussian-distributed random variable

with values in decibels (e.g., log-normal shadowing) to

account for random shadowing caused by obstructions,
antenna pointing errors, etc. The standard deviation of the

shadowing has the value in � dB. At 60 GHz and above,

where antennas are small and the far-field region is only

millimeters away from the antenna, d0 should be on the

order of millimeters or centimeters for WPAN systems,

and should be 1 m for a large aperture array in an out-

door backhaul system.9 A large value of indicates a wide

range of variation in the path loss due to many obstruc-
tions or scattering elements in the environment, causing

the SNR on the communications link to vary widely.

Fig. 20 illustrates the type of large-scale signal variations

that can occur in typical office building environments at

60 GHz [39]. Table 11 summarizes the large-scale path loss

exponents found by the research community for various

channels. Work in [46] shows that simple ray tracing,

when combined with statistical path loss models, provides
extremely accurate site-specific propagation coverage

models that can be used for practical system deployment.

Such site-specific methods are likely to be even more

accurate as carrier frequencies approach the THz regime.

The impulse response of a multipath channel char-

acterizes how propagating signals are delayed by reflection

and scattering in the channel. Small-scale spatial and

temporal statistics collected from channel impulse re-
sponses include root mean square (RMS) delay spread, the

mean-excess delay, the maximum excess delay, and angular

Fig. 19. From [173]. As carrier frequencies increase, the spatial

separation between nulls in received signal strength decreases

dramatically. This plot demonstrates this effect at 300 GHz. Although

less severe at 60 GHz, it will be increasingly important that engineers

understand this effect as 60-GHz designs will serve as models for

subterahertz and terahertz devices.

9The far-field, or Fraunhofer region, occurs at three wavelengths or
2D2=� (where D is the largest dimension of the antenna radiating element
and � is the wavelength of the frequency of operation), whichever is longest.

Fig. 20.A typical path lossplot that illustrates large-scalepropagation

of 60 GHz at various locations [39].
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spread. At 60 GHz and above, where highly directional and
steer-able antennas will be the norm, it becomes critical to

understand propagation parameters such as path loss and

RMS delay spread as a function of angle of arrival, so that

proper adaptive antennas algorithms can be deployed to

overcome shadowing and multipath [39], [178]. Equalizers

will also be needed for multi-Gb/s data rate transmissions,

depending on modulation methods employed, and under-

standing the extent and nature of multipath time dis-
persion (e.g., RMS delay spread) is critical to properly

designing an equalizer algorithm. Because of the massive

data rates used at 60 GHz and above, and the speed and

power advantages of analog signal processing, equalizers

will likely be implemented in analog at the RF or IF stages,

rather than at digital baseband [144], [179]. While highly

directional antennas may maximize the link budget while

simultaneously minimizing the multipath delay spread by
focusing on just one main signal path, the tradeoff between

equalization and antenna beamwidth, and the speed of

implementation for the beamwidth agility needed to find

the Bbest[ path (or diversity paths) will be critical for

practical implementations. Unfortunately, relatively little
is known about subterahertz spatial channels, and re-

searchers will need to understand these channels as spec-

trum allocations continue to become available at higher

frequency bands. Today’s 60-GHz standards are including

spatial coding approaches for antenna beam steering, va-

riable beamwidth antennas, and protocols to find Bblind[
directional antennas, although this field is in infancy.

The RMS delay spread is a parameter that character-
izes the propagation delays of a channel, and is useful in

estimating if the channel will cause intersymbol interfer-

ence without the use of an equalizer [46]. At 60 GHz,

typical indoor RMS delay spread values are on the order

of 10–20 ns [39], [184]. The mean excess delay describes

the point in time of the impulse response of maximum

multipath energy. The maximum excess delay indicates

the largest delay between initial reception and the last
measurable multipath component of particular amplitude.

Table 12 gives values for these small-scale multipath pa-

rameters obtained for various channel environments.

Other important parameters include the statistical varia-

Table 11 Large-Scale Path Loss Models for 60-GHz Channels
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tion of multipath received power as a function of propa-

gation time delay (e.g. a statistical model for the power

delay profile), and the K-Factor. The power delay profile
is useful in simulating impulse responses for novel

environments [46]. The K-Factor describes the ratio of

the LOS or most powerful multipath component relative

to the sum of the powers of other multipath components

arriving at the receiver, and has a direct impact on the

quality of the eye diagram at the receiver [180], and can

determine when an equalizer should be used [144].

There are three popular methods for measuring multi-
path channels. One method is to excite the channel with

an RF pulse at the transmitter, and to use a high-speed

oscilloscope at the receiver to capture the multipath

echoes [46]. The second technique, called spread spectrum

sliding correlator or correlative channel sounding [46],

[143], simulates a pulse excitation of the channel. The

receiver correlates all received signals with a predefined

Table 12 Small-Scale Statistics for 60 GHz

Fig. 21. The relative permittivity of materials is useful for

understanding how wireless signals are attenuated by materials.

Measurement campaigns such as those conducted by [184]

are the most effective for determining how a material will

attenuate a signal.
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widedband signal, such that multipath component arrivals
result in a pulse at the system output. The third method is

the swept frequency method, and usually requires a VNA

with phase-locked cable between the transmitter and the

receiver. A series of swept narrowband measurements are

taken at different carrier frequencies to estimate the

channel’s frequency domain response. This is then trans-

formed with an inverse Fourier transform to describe the

channel’s impulse response. While not practical for large
transmitter–receiver separation distances used for Wi-Fi

and cellular systems, the swept frequency method is

easily implemented for short-range measurements at

60 GHz and above, using basic network analyzers and short

cables. Today, all three methods are practically imple-

mented using large pieces of test equipment. For mean-

ingful research in practical WPAN environments of the

future (e.g., behind stereo cabinets and book shelves, with-
in vehicles, or for vehicle-to-vehicle environments), re-

searchers will have to implement channel sounders in

ultraportable, miniaturized packages, creating chips that

implement the specialty functions of RF channel sounding.

An understanding of material penetration properties is

also very useful for designing indoor communication sys-

tems. While extensive work is needed to fully characterize

material penetration at 60 GHz and higher frequencies,
knowledge of the complex permittivity of common mate-

rials is useful in estimating attenuation. At mm-wave fre-

quencies and above, most objects are Blarge[ compared to a

wavelength, thus signal penetration is determined largely

by the permittivity of the material. The reflection and

transmission coefficients of an electromagnetic wave im-

pinging normally on a material can usually be related to the

relative permittivity of that material as shown in Fig. 21
(assuming no magnetic materials such as ferrites are

present) [53]

�in¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
�o

�material

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�material

p þ ffiffiffiffi
�o

p
tanhð2	f ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�o�material
p

LÞ� �
ffiffiffiffi
�0

p þ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�material

p
tanhð2	f ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

�o�material
p

LÞ� �
(5)

� ¼ �in � �o
�in þ �o

; jTj2 ¼ 1� j�j2 (6)

where �in is the input impedance of the material,
�material is the complex permittivity of the material, �o is
the complex permittivity of free space, �o is the

complex permeability of free space, � is the reflection

coefficient, and jTj2 is the square magnitude of the

transmission coefficient, which indicates the percentage

of power that penetrates the material. Table 13 gives

the permittivities of several materials. This approach

corroborates some of the attenuations measured by
Anderson et al. [184].

The effects that building surfaces, passing cars, tree

limbs, foliage, and weather have on subterahertz commu-

nications will need to be understood for proper outdoor

wireless communications. Little is known about this field,

but will be required for the development of standards and

widespread wireless backhaul solutions. For example,

work conducted by Kukshya et al. [41] indicated that rain
severely impacts millimeter 38-GHz and 60-GHz signals

over a link distance up to 500 m. Even short 60-GHz links

of 160 m can experience attenuation of several decibels

due to rain, and as high as 3.9 dB for a rain rate of

76.2 mm/h. Work in [185] considered 60-GHz propagation

for outdoor intervehicle links and applied a very simple

two-path propagation model to understand such phenom-

enon as intervehicle edge diffraction and frequency and
time selectivity. As early as 1988, Bohlander et al. [186]
studied the effects of adverse weather on higher frequency

mm-wave systems at 116, 140, 173, and 230 GHz that may

be used for backhaul or cellular links. They found and

compared the effects of fog, rain, and snow, and showed

rain was the most deleterious weather condition in its

ability to disrupt mm-wave links. Although work by

Kukshya et al. [41], Schafer [185], Bohlander et al. [186],
and others has revealed much about outdoor mm-wave

propagation, this line of research still remains in infancy

due in part to the greater popularity of research for indoor,

short-range (i.e., under 10 m) communication applications

over the last decade. As circuitry, analog-to-digital, beam-

pointing, and equalization capabilities are perfected for

indoor applications, mm-wave communications will ex-

pand to include longer distance applications where re-
search on outdoor propagation will become increasingly

important.

Table 13 Relative Permittivities of Various Materials at 60 GHz as found in [187]. These Values Correspond Roughly to Attenuations Measured by

Anderson et al. [184]
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XI. 60-GHz STANDARDS

There are many standardization and commercialization
efforts currently underway by the engineering community

for 60-GHz WPAN. Current technical standards activities

include IEEE 802.15.3c, WirelessHD, IEEE 802.11ad, the

WiGig standard, and ECMA 387. All of these standards

target short range 60-GHz networks. In 2009, Singh et al.
[188] reviewed each of these standards, as shown in

Table 14. The commercialization efforts include the Wire-

lessHD industry alliance which supports the WirelessHD
standard, the WiGig industry alliance which supports

both IEEE 802.11ad and the WiGig standard, and efforts

by individual or smaller groups of companies, such as

the recent alliance between IBM and MediaTek to de-

liver products based on the IEEE802.15.3c standard [12],

[13], [188].

The first draft and overview of the WirelessHD stan-

dard was released in August 2009 [190], and an updated
version was released in May 2010 [191] to accommodate

data rates as high as 10–28 Gb/s. According to [190], the

standard is intended to create wireless video area networks

(WVANs) to stream uncompressed audio and 1080p video,

deliver compressed audio/video data, provide advanced

audio/video device control, and allow for NLOS operation

with a high degree of privacy. Each WVAN makes use of a

central coordinating device to coordinate actions by mem-

ber Bstation[ devices. The coordinator is usually a sink
device (i.e., a display), while the station devices are nor-

mally sink and source devices. The coordinator controls

timing of station actions in the WVAN, tracks members of

the WVAN, and supports the low-rate physical layer (PHY)

in transmit and receive mode. A noncoordinator station

device does not need to track members of the WVAN and

may initiate stream connections. The standard utilizes two

PHY modes in the WVAN. The high-rate PHY is intended
for multi-Gb/s (up to tens of gigabits per second) through-

put while the low-rate PHY is intended for multi-Mb/s

throughput, both up to 10 m. Fig. 22 is from the Wireless-

HD specification overview and illustrates a WVAN [190].

Devices based on the WirelessHD standard were originally

scheduled for release beginning in 2011 [192], but several

products are currently being advertised, including Wire-

lessHD adapters and WirelessHD equipped televisions
(e.g., the WirelessHD Panasonic Viera Z1 Plasma TV).

SiBEAM, a spin out company from University of

California, Berkeley, is one of the standard’s strongest

supporters, and has developed several chips that are in

many of the first WirelessHD products [191]. Other strong

supporters of WirelessHD include Intel, LG, MediaTek,

and Panasonic.

Table 14 Singh et al. [188] Reported This Table in 2009 to Compare the Major 60-GHz Standards That Are Under Development.

An Asterisk ð�Þ Indicates Updates Since [188] Was Published
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The IEEE 802.15.3c mm-wave standard is an amend-

ment to the IEEE 802.15.3 standard and shares many
similarities with the WirelessHD standard. It is a medium-

access layer (MAC) and PHY layer specification targeted at

WPANs, which are essentially identical to WVANs. The

IEEE 802.15.3c standard supports data rates in excess of

5 Gb/s, beamforming to improve range, data aggregation

schemes to improve MAC layer efficiency, and subpacket

acknowledgement to reduce retransmission overhead

[193]. The IEEE 802.15.3c standard uses three PHY
modes: single-carrier (SC) mode for low power and com-

plexity, high-speed interface mode using OFDM for low-

latency bidirectional data transfer, and an audio/video

mode for uncompressed HD audio and video streaming.

IBM and MediaTek recently announced an agreement to

deliver a 60-GHz chip in 2011 that uses the IEEE 802.15.3c

standard [12]. To the authors’ knowledge, no products are

yet available that implement the IEEE 802.15.3c standard.
The WiGig alliance has worked closely with the IEEE

802.11ad technical group, and the WiGig standard closely

mirrors the IEEE 802.11ad standard. There is speculation

that the two groups will be merged into a single standard

[1], [194]. IEEE 802.11ad is due for completion sometime

in 2012. The standard is part of the emerging array of 4G

cellular technologies, and is intended to support data rates

on the order of 1 Gb/s at low velocities such as walking
speeds [195]. The technical contents of IEEE 802.11ad and

the WiGig standard resemble the Wi-Fi standard, but

recast at 60 GHz, and include provisions for beam steering

to mitigate path loss of 60-GHz propagation [196]. Many of

IEEE 802.11ad’s and the WiGig standard’s top supporters

are Wi-Fi chip manufacturers [1]. SiBEAM recently an-

nounced that its future 60-GHz products will support the

WiGig or merged WiGig-IEEE 802.11ad standard [1], in
addition to the WirelessHD standard. A Gartner survey of

future wireless technologies rated the benefit of joining

the WiGig alliance as Bhigh[ noting the technology should
become important for Bboth domestic and business

purposes[ [194].

The ECMA 387 standard is intended to facilitate bulk

and streaming data transfer for three device types: high-end

video/audio streaming devices for operation over a distance
up to 10 m with LOS or NLOS links (type A device), eco-

nomical data/video devices for LOS operation up to 3 m

(type B device), and very inexpensive data-only devices for

LOS operation over a 1-m range (type C device). The stan-

dard defines four frequency channels each with a band-

width of 2.16 GHz and a symbol rate of 1.78 Gs/s [197] to

support bit rates up to 10 Gb/s. If higher data rates are

required, the standard supports channel combining or
bonding. The standard provides the framework for high-

definition media interface protocol adaptation layer

(HDMI PALs) in which a 60-GHz wireless device may

operate as an intermediate network node between source

and sink.

Currently, the large number of 60-GHz standards could

present a major problem for device interoperability which

increases consumer confusion and limits device ubiquity.
For example, there is no widespread agreement on the best

modulation scheme for 60-GHz devices. This is illustrated

in the IEEE 802.15.3c standard, which features both

SC-FDE and OFDM [6]. SC-FDE reduces the number of

steps dedicated to Fourier transforms compared to OFDM,

which results in lower phase noise sensitivity and reduces

the need for PAs to operate in Bbackoff[ (i.e., unsaturated

low-efficiency output power levels). However, OFDM
provides better overall performance in highly frequency

selective channels [6]. One primary reason for different

modulation schemes represented by OFDM and SC-FDE in

IEEE 802.15.3c is that simple short range (i.e., 1 m) direct

LOS mm-wave radios have very different hardware design

requirements than radios intended for longer range (i.e.,

up to 10 m to 1 km) LOS/NLOS operation. Fig. 23 from [6]

illustrates the differences between OFDM and SC-FDE.
Table 15 explains the differences between single carrier,

OFDM, and SC-FDE [198].

While 60-GHz technology is not yet characterized suf-

ficiently to give a comprehensive comparison in terms of

power consumption and data rate versus range for differ-

ent standards, it is possible to make comparisons based on

a several simple principles. For example, it is of interest to

estimate the ratio of the consumed power Pconsumed to the
data rate of a 60-GHz radio.

We now derive a quality metric that can be used to

compare the data rate per consumed power for any wireless

RF device. The units of this quality metric are bits-per-

second-per-Watt (B/S/W). Consider a homodyne transmitter

that is composed of a baseband processor, mixer, oscillator,

power amplifier, and antenna. The transmitter accepts

baseband signals from the baseband processor into its mixer’s
IF port, and any baseband signal is mixed up directly to the

carrier frequency at the mixer’s RF port and sent through a

power amplifier and antenna. Signals are radiated out to a

receiver from the antenna. A local oscillator provides an LO

signal at the RF carrier frequency that is used by the mixer to

convert the baseband signal up to the carrier frequency.

Homodyne transmitters (also known as direct conversion

Fig. 22. Illustration of a WVAN Piconet for the WirelessHD

standard [190].
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transmitters) are very popular for millimeter-wave 60-GHz

radios, as discussed in Section II (e.g. see reference [34]), and

may be implemented in less area and more cheaply than a

heterodyne architecture while avoiding image frequency
problems associated with heterodyne implementations. Our

goal is to determine the data rate per power using this

transmitter paired with a lossless receiver. We now

determine a mathematical expression, equation (32), that

may be used to compare the data rate per power of different

standards (e.g. IEEE 802.15.3c) and circuits. The expression

may also be used to optimize such parameters as the signal-

to-noise-ratio and channel bandwidth to achieve the best
possible data rate per power for a given scenario, involving

any transmitter-receiver separation distance. The expression

allows engineers to explore the tradeoffs, in terms of data

rate per power, of different circuit implementations of any

radio standard, including 60-GHz standards such as IEEE

802.15.3c or the WiGig standard.

The efficiency of the power amplifier (PA) may be

written as

�PA ¼ PPARF
PPARF þ PPANON-RF

(7)

where PPARF is the RF (radio frequency) signal power at the

output of the PA, and PPANON-RF is the portion of the dc

power consumed by the PA but not radiated usefully. It is

important to understand that the total dc power used by

the power amplifier is equal to PPARF þ PPANON-RF. P
PA
NON-RF

may be written using

PPANON-RF ¼ PPARF
1

�PA
� 1

� �
: (8)

Table 15 From [198]. The Differences Between Various Modulations Proposed for 60-GHz Applications

Fig. 23. From [6]. OFDM and SC-FDE are two modulation schemes in the IEEE 802.15.3c standard. In practice, the wide array of

optional modes for 60-GHz devices may create problems for device interoperability.
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In (8), if the efficiency of the power amplifier were
100%, then all of the dc power used by the power amplifier

would transfer to usefully radiated RF power.

Similarly we may write the efficiency of the mixer,

�MIX, according to

�MIX ¼ PMIX
RF

PMIX
RF þ PMIX

NON-RF
(9)

where PMIX
NON-RF is the power used or wasted by the mixer

that is not part of the mixer’s RF output power and PMIX
RF

is the useful output RF power. The mixer could be either

active or passive. If the mixer is passive, then there is no

dc power consumed by the mixer. But, the mixer will still

waste or use power that does not contribute to the RF

output power. If the mixer is active, then it will use some

dc power, only a portion of which will be transformed
into usefully radiated RF power. If PMIX

NON-RF were zero,

then the mixer would have a 100% efficiency. We may

find the non-RF power wasted or used by the mixer using

PMIX
NON-RF ¼ PMIX

RF

1

�MIX
� 1

� �
: (10)

For the transmit antenna, just as for a passive mixer,

there is generally no dc power. But, the antenna will

dissipate power that is not radiated usefully. We may

therefore write the efficiency of the antenna as

�ANT ¼ PANT
RF

PANT
RF þ PANT

LOSS

(11)

where �ANT is the efficiency of the transmit antenna, PANT
RF

is the RF power that is usefully radiated by the transmit

antenna, and PANT
LOSS is all the power that is dissipated by the

antenna but not radiated. If PANT
LOSS were zero, then the

antenna would have an efficiency of 100% and would

radiate all its input power. We may find PANT
LOSS using

PANT
LOSS ¼ PANT

RF

1

�ANT
� 1

� �
: (12)

The efficiency of the entire radio, denoted as �radio,
may be written as

�radio¼ PRADIO
RF

PRADIO
RF þPPANON-RFþ PMIX

NON-RFþ PANT
LOSSþ PBBþPOSC

(13)

where PRADIO
RF is the RF output power of the entire

homodyne transmit radio, PBB is the power used by the

baseband components, and POSC is the power used by the

oscillator. Equation (13) states that the efficiency of the

transmit radio would be 100% if the mixer, power amplifier,

and antenna wasted zero power, and if zero power were

required for the baseband components and oscillator.

PRADIO
RF may be written as

PRADIO
RF ¼ PMIX

IN GMIXGPAGANT (14)

where GMIX is the mixer’s conversion gain (or loss), GPA is

the gain of the power amplifier, and GANT is the gain of the

antenna. PMIX
IN is the input signal power to the mixer from

the baseband components. Similarly, we may write

PANT
RF ; PPARF , and PMIX

RF , the output RF powers of the

antenna, power amplifier, and mixer, respectively, as

PANT
RF ¼ PRADIO

RF (15)

PPARF ¼ PMIX
IN GMIXGPA ¼ PRADIO

RF

GANT
(16)

PMIX
RF ¼ PMIX

IN GMIX ¼ PRADIO
RF

GANTGPA
(17)

where PANT
RF is the RF output power of the transmit

antenna, PPARF is the RF output power of the PA, and PMIX
RF is

the RF output power of the mixer. From (8), (10), (12),

and (15)–(17), we may write

PANT
LOSS ¼ PRADIO

RF

1

�ANT
� 1

� �
(18)

PPANON-RF ¼ PRADIO
RF

GANT

1

�PA
� 1

� �
(19)

PMIX
NON-RF ¼ PRADIO

RF

GANTGPA

1

�MIX
� 1

� �
(20)

Therefore, we may re-write the efficiency of the radio

in (13) as (21), shown at the bottom of the next page.

To verify (21), consider the case in which the radio

wasted no power for baseband processing or the oscillator,

and in which the antenna, mixer, and power amplifier were

all 100% efficient. In this case, the efficiency of the radio, as
given by (21) is 100%. Also, note that the efficiency of the

antenna, �ANT, the efficiency of the power amplifier, �PA,
and the efficiency of the mixer, �MIX, are all less than or

equal to unity so that the computed efficiency of the radio

can never be negative.

The denominator of equation (21) represents the total

consumed power of the radio, including the total radiated
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power and power that is not radiated to the receiver. We
shall denote this power as

PRADIO
consumed ¼ PRADIO

RF 1þ 1

�ANT
� 1

� �
þ 1

GANT

1

�PA
� 1

� ��

þ 1

GANTGPA

1

�MIX
� 1

� ��

þ PBB þ POSC: (22)

Now, for a given signaling scheme the total data rate

may be found by (23) using the spectral efficiency of the

signaling scheme used and the channel bandwidth

R ¼ �sigB (23)

where �sig is the spectral efficiency of the signaling scheme

(in Bits/s/Hz), B is the channel bandwidth (in Hz) and R is
the data rate (in Bits/s).

Consider a receiver that is a distance, D, from the

transmitter. We may estimate the received power as

PRECEIVEDRX ¼ PRADIO
RF � PL� GTX � GRX (24)

where PRADIO
RF is given by (14), PL is the path loss between

the transmitter and receiver, GRX is the gain of the receiver,

and GTX is the gain of the transmitter. Note that the symbol

B�[ has been used in (24) to represent multiplication and

is present for visual clarity. The total gain of the

transmitter, GTX, is given by

GTX ¼ GMIXGPAGANT: (25)

The pathloss, PL, may be estimated using Friis free-

space formula

PL ¼ �

4	D

� �2

¼ c

4	foscD

� �2

(26)

where � is the wavelength of the carrier frequency
(in meters), D is the separation between the transmitter

and receiver (in meters), and fosc is the carrier frequency

(in Hz), which is also the output frequency of the

oscillator. We arrived at (26) by using the fact

c ¼ � fosc (27)

where c is the speed of light in free space (approximately

3e8 m/s).

For a given modulation scheme, there is a minimum

signal-to-noise power ratio required at the receiver to en-

sure an acceptable bit-error-rate. We denote this mini-
mum signal-to-noise ratio as SNRMIN. The total noise

power PNOISE
RX available at the receiver may be found

according to

PNOISE
RX ¼ KTBFRX (28)

where K is Boltzman’s constant (1.38e-23 J/K), T is the

receiver temperature (in degrees Kelvin), and FRX is

the noise factor of the receiver. We may use SNRmin

and the noise power at the receiver in (28) to find the

minimum received power to ensure an acceptable

bit-error-rate

PRECEIVED
RX;min ¼ SNRminKTBFRX: (29)

We may then use (29) and (24) to find the minimum
transmitted power from the transmitter radio to ensure an

acceptable bit-error-rate

PRADIO
RF;min ¼ PRECEIVED

RX;min

PL� GTX � GRX

¼ SNRminKTBFRXð4	foscDÞ2
c2 � GTX � GRX

: (30)

Assume the radio radiates exactly the minimum

required power to achieve an acceptable bit-error-rate,

�radio ¼ PRADIO
RF

PRADIO
RF 1þ 1

�ANT
� 1

� �
þ 1

GANT
1

�PA
� 1

� �
þ 1

GANTGPA
1

�MIX
� 1

� �� �
þ PBB þ POSC

(21)
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as given by (30). We may then use (30) in (22) to find the
minimum total power consumed by the transmitter to

ensure an acceptable bit-error-rate

PRADIO
consumed ¼ SNRminKTBFRXð4	foscDÞ2

c2 � GTX � GRX

� 1þ 1

�ANT
� 1

� �
þ 1

GANT

1

�PA
� 1

� ��

þ 1

ðGANTGPAÞ
1

�MIX
� 1

� ��
þ PBB þ POSC:

(31)

Taking the ratio of (23)–(31), we find that the bit rate

per power, in Bits/s/W, is given by (32), shown at the
bottom of the page.

This is a general result that can be applied to many

different cases. The parameters of (32) can be optimized

to maximize the data rate per power and also allow one

to determine the impact of each component in an integ-

rated circuit implementation. Equation (32) allows engi-

neers to explore the tradeoffs between different circuit

implementations of standards, and to compare different
standards in terms of data rate per power. By correctly

applying the parameters for a given situation (e.g. for the

efficiencies of the various components in the trans-

mitter), an engineer can use (32) to determine how best

to maximize data rate per power. This is important,

especially as the industry strives for higher data rates

with longer battery life. For example, consider the case in

which the baseband processor and the oscillator both
require a very small amount of power. In this case, we

can let PBB þ POSC approach zero to find (33), shown at

the bottom of the page.

We see from (33) that for a transmitter with very little
power dedicated to baseband processing or the oscillator,

the data-rate per consumed power is approximately inde-

pendent of bandwidth. Equation (33) indicates the

efficiency of the antenna is more important than the effi-

ciency of the power amplifier or mixer, since the impact of

the mixer and power amplifier efficiencies are reduced by

the gain of the antenna. Similarly, the gain of the power

amplifier reduces the impact of mixer efficiency. This
indicates that a poor-efficiency component will have the

worst impact if it appears after the signal has been

significantly amplified.

Consider the case in which the baseband processor

power dominates the power of the RF chain, e.g. for a

media-processing device used in a short-range peer-to-peer

application. In this case, we may estimate the bit rate per

power by using (32) and allowing the first term in the
denominator to approach zero (as we assume it is much

less than the second term)

R

PRADIO
consumed

¼ �sigB

ðPBB þ POSCÞ (34)

In this case, data rate per consumed power improves

linearly with bandwidth and spectral efficiency. Further-

more, for a given minimum signal to noise ratio, there is an

upper bound on the spectral efficiency, �sig, according to

Shannon’s law:

�sig � log2ð1þ SNRÞ (35)

where SNR is the actual signal to noise ratio at the
receiver. SNR may in general be greater than SNRmin. Let

us replace SNRmin in (32) with the actual signal to noise

ratio at the receiver, SNR. In (29), this simply assumes that

the received power is greater than the minimum received

R

PRADIO
consumed

¼ �sig � c2 � GTX � GRX

SNRminKTFRXð4	f oscDÞ2 1þ 1
�ANT

� 1
� �

þ 1
GANT

1
�PA

� 1
� �

þ 1
GANTGPA

1
�MIX

� 1
� �� � (33)

R

PRADIO
consumed

¼ �sigB� c2 � GTX � GRX

SNRminKTBFRXð4	foscDÞ2 1þ 1
�ANT

� 1
� �

þ 1
GANT

1
�PA

� 1
� �

þ 1
GANTGPA

1
�MIX

� 1
� �� �

þ ðPBB þ POSCÞ � c2 � GTX � GRX

(32)
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power needed to ensure an adequate bit-error-rate. We
may use (35) in (32) to find (36), shown at the bottom of

the page.

Equation (36) is useful for determining an upper
bound on the data rate per power for a given SNR. We

may also use (36) to determine an optimum SNR to

Table 16 Companies Supporting, Involved, or With Access to Each of the Developing 60-GHz Standards

R

PRADIO
consumed

� log2ð1þ SNRÞB� c2 � GTX � GRX

SNR� KTBFRXð4	foscDÞ2 1þ 1
�ANT

� 1
� �

þ 1
GANT

1
�PA

� 1
� �

þ 1
GANTGPA

1
�MIX

� 1
� �� �

þ ðPBB þ POSCÞ � c2 � GTX � GRX

(36)
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achieve the best possible data rate per power for the given

transmitter and receiver parameters. For example, we may

differentiate (36) with respect to the actual SNR and set

the result to zero to find an optimum SNR in terms of data
rate per power in (37), shown on top of the page.

While (37) does not have a closed form solution due to

the log dependence, the result may be found numerically

for a given set of parameters. This is useful for de-

termining the difference between the actual SNR and the

optimum SNR in terms of data rate per power, and may

be used to set signaling rates in a device based on chan-

nel conditions. A similar procedure may be used with
(32) to determine the optimum bandwidth to optimize

data rate per power for a given spectral efficiency. Also,

using (32), we may compare different standards and radio

implementations in terms of their respective bit rates per

power.

Millimeter-wave 60-GHz wireless technology will

enter the consumer marketplace in a major way over the

next few years, and will usher in a new era of wireless
communications that enables multi-Gb/s data transfers.

Major companies have developed prototype 60-GHz

devices based on one of the developing 60-GHz

standards: WirelessHD, IEEE 802.15.3c, ECMA 387,

IEEE 802.11.ad, and the WiGig standard [1], [12], [192].

Large industry consortia, including WiGig and Wire-

lessHD are actively and aggressively marketing 60-GHz

devices as the best means to deliver high-definition
content wirelessly over short distances. Table 16 sum-

marizes the companies supporting or involved in ECMA

387, IEEE 802.15.3c, and IEEE 802.11ad and the WiGig

standard.

XII. CONCLUSION

60-GHz wireless communications technology may be the

world’s first massively broadband mm-wave communica-

tions technology. The data rates and bandwidths available
at 60 GHz are staggeringVthis is readily seen by

summing the bandwidths of all commercial wireless

systems ever built to date, including every television

broadcast channel, AM/FM radio station, Wi-Fi, cellular,

satellite, and WiMAX band, and then noting that the

total spectrum occupancy of all these services combined

still represents only a fraction of the total bandwidth

available at 60 GHz. The 60-GHz movement has already
received tremendous industry interest and support, and

this will encourage federal regulators to allocate large

frequency bands at even higher frequencies. Today’s early

progress at 60 GHz will build the foundations for many

future systems at higher mm-wave and subterahertz

bands. The availability of such massive bandwidths and

subterahertz carrier frequencies will require communica-
tions engineers to rethink wireless approaches while

learning how to fabricate devices in silicon, and circuit and

antenna designers will need to become more aware of

communication requirements.

Since the release of 60-GHz spectrum by the FCC and

other governmental bodies, tremendous progress has been

made toward the realization of highly integrated 60-GHz

radios for inexpensive and potentially ubiquitous consumer
adoption. Progress in the areas of on-chip antennas, PAs,

LNAs, VCOs, mixers, ADCs, and mm-wave channel charac-

terization will result in widespread commercial 60-GHz

products as early as 2012. Progress is needed in antenna

integration, lower power components, improved baseband

and beamforming processing, and in creating more targeted

and streamlined standards to bring 60-GHz and future

mm-wave wireless devices to consumers. This paper has
offered a comprehensive view of how massively broadband

devices will transform access to content, and has provided a

tutorial of many crucial concepts needed to design and

implement subterahertz communications devices of the

future, including circuit design, on-chip and in-package

antennas, 60GHz and subterahertz communication concepts,

and propagation.We also derived a mathematical formulation

of the ratio of the data rate to consumed power for an arbitrary
radio system using any modulation or signaling scheme. The

analysis allows engineers to compare power versus data rate

tradeoffs for all future massively broadband wireless commu-

nication circuits and systems, for 60 GHz and above. For

example, the mathematical expression that results from the

analysis may be applied to future communication technolo-

gies such as short-range peer-to-peer applications at 120, 183,

325, or 380 GHz, or longer range applications at 77 and
240 GHz. As devices become more sophisticated and users

rely on their devices for more functionality, it will be crucial

to optimize the efficiency of devices in terms of data rate per

consumed power. Doing so will provide users with the best

possible data rates for the longest possible battery life. Over

the next decade, the advances inmm-wave CMOS technology

and movement to higher carrier frequencies will greatly

impact the way people consume media and how wireless
networks and systems are designed and deployed. h

DSNR
log2ð1þ SNRÞB� c2 � GTX � GRX

SNR� KTBFRXð4	foscDÞ2 1þ 1
�ANT

�1
� �

þ 1
GANT

1
�PA

�1
� �

þ 1
GANTGPA

1
�MIX

�1
� �� �

þðPBBþPOSCÞ � c2 � GTX � GRX

2
4

3
5

¼ 0 (37)
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